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FCREWORD

The Segmented Spbere Pressurs Vesssl Study 1is a dscign feasi-
biuty‘ovulxntion conducted by the Missiles and Space Division -
Texms (MSD-T!, LTV Aerospace Corpiurstion under UBA¥ Coxirect fo.

PO U4611-6T-C~CMO. This work wves performed for the Air Foarce Rockat

Propulsion labaastory, Edward Air Force Base, Califcanis undir the
direction of Mr. Charles H. Richard, AFRPL Project Engineer.

This report documsnts anslyses, design procedires, and study
resulte cbtained through completicn of the FPhase I - Analysis end
Design portion of the study progran. Contibustion «ffort under
tais program vill inciude Phace II - Fressure Vesdel “ebriceticn
and Fhase III - Verification Testing snd Performance Evaluaticn.

drateful acknovlsdigment is given for the many important coo-
tributions to this study by the following MSD-T personnel: P. M.
Kenner eand L. 3. Howelli far programming and evaluating the digital
computer solutions; C. E. Rarick far material process and velding
consultation; H. T. Arustrong for explosive foming assistance;
C. M. Bailey, A. K. Kerekes, and J. D. Vaught for plancing end ex-
pediting Menufacturing operstions; snd T. D. Holley for reduction
snd preparstion of Enginsering data.

This repcrt has been revieved and is approved.

Charles H. Richasd
AFRPL Froject Engineer
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ARFIRACT

Two ms hode of siructurally snalyting segmented sphore pressure
voosela were developed. The method referrsd to as "AMC,* delfinea
degign festures to provide s membrane stress state in any soguented
tphere systen. The secund method adapts a digital computer routine
"PETH" to solutions of the general stresa-etrain -quatione. The
results of the more rigorous but cumbersome computer solutions
aerved to validate the AMC methad as a simple and accurate deaign
procedure., Prozess developmont studies end fabricetion tri.ca
sucesded in demonstrating good producibility for longitudinally
symmetric and toroids) systema, However, manufacture of systems
employing megments of mixed diameter was complicated by inability
to utilize the standard shell module scheme used in the . ~actent
Aipmatar pyatems, Pressure tests on full acele vessels indicate
actual stress-strain conaiiions sre in conforBiuue will memorans
theory. A design critsria was developsd by parameiric exercises
with mathematical modela., This criteria showas offecis and interactions
; of the many demign variables. Dimencioning foraulas ere explained and
L demonstrated by example problsms,

3
3

- PETTE. EE T

1id




| «

[N

2.

TABLE OF COMNTENTS

SECMENTED SPHERE FRESSURE VESSEL ITUDY
FHASE 1 REPORT

Section 1
Introduction
CACKGROUND
STUDY OBJECTIVES
STUDY APPROACH
Section I1

Design Selectiion

MATERIAL CONSIDERATIONS

DEBION CONSIDERATIONS

b.

Engineering Model Criteris

Efficiency of Camposite 3tructure
Ductility Requirement.s of Shell Waterial
Materia) Avallability

Modiar Design

Design Study Parsmeters

MANUFACTIRING COMIIDERATICNE

b.

€,

Formability
Material Weldability
Tooling Considarations

DESIGN 3ELECTION

b.

C.

Material Properties
Materia) Availability
Desigon Producibility ( nsiderstions

[ o F W w W

r

5

10
10

10

L MRS - ot IO AR I AP S 1. D B e 1~

T i 26K At i

prevs




T TR e TR

[

AT SRR AR YT ARy

4. Vessel vonfigurations
e. Engipeering Modeln
Section III
Design of Engloeering Mode's
DESIGN OPTIMIZATION BY AMC METHOL
s. "and Losd Distributiom
b. Design of Engineering Modele
ARALYSIS BY PETS DIGITAL ROUTINE
s. Solutions ov Equal Segment Coafigurstions
b. Desisn Cptitiiuni 127 to 12" Vessels
¢. Design Optimizetioo, 12" to 17" Versels
dection IV
laboratory Evalustions
FULL SUALE BAND TESTS
a. Test Method
b. Test Band Fabricstion
¢c. Teat Results
DEVELOPMENT OF EXPLOSIVE FORM FROCESS

a. Test Specimens

W Pod Ymad and Pyvnlasive FPorwine Proassad
- e il MR  E——— ey’ it sl il - e —— e = e e T

¢. Test Results

VELD AND BEAT TREADSGINT EVALUATION TESTS OF
TTTANTUM 6AL-4Y ALLOY

a. Test Specimens
b. Test Evaluation

¢c. Test Results

I I | g e e

19

"y
-

34
3%
35
b1

L7

hY

A
e

& P AR R

BRI R b

© e o v b N S S B L,

W+ ST S, N, et T

e et e




W AR VR

T ORI L T e

FTRETTLOT T e T

AL TR AT qUWR LT L

e

STRUCTIMAL MOCKUP LESIGN
o. Btructura]l Mockup Deeign
v. Test Procedure
c. lest Resulie
Section V
Fsurication
EXFIOSIVE FORM PROCESS
a. Fanrlcation of Die
b. Forming Procedure
c. Inspection
FORMING PROCESSES
a. Titanium Hemispheras
b. 17-7 FH 8teel Hemispheres
c. 17-7 FH Kodal Seciion
WELDING METHODS
&. Titanium
b. 17-7 PH Steel
¢. Weld Inspection
WINDING PROCEDURE
4. Winding Fquipment
b. Class (1-11) Enginsering Molels
¢. Class ITI
Section VI

Fressure Tests

il

67
67

67

& &§ 2 8 8 & 3

¥ 9

e e

Ve

P—

A et i

B

g S TR PR TG b




™

TEST PROCEDURE AND RESULTS
EVALUATION OF TEST DATA

s W o e

Py e
ATV LAY YD

GENERAL

a. Gemeralities of Fethod

b. Methods

a. Deta Mode

CONDITIONS (AMC)
a. QCeoersiities

b. Methods

e. Geperalitie.

b. Methods

. Teope OO Fa=S%

b. ¥sterial Proparties
c¢. Bapnd Pressure

4. Beod Prestress

- - - —

£y

lul

103

Segmeuied Sphere Preemuce Vessel eeigo Triteris

105

MATHEMATICAL MODEL (2 NESION PARAMETER OPYIMIZATION 105

105

106

c. Digital Computer Progrem 107

107

MATERMATICAL MODELS FOR ACHIEVEMENT OF MEMBRAME 1067

107

112

¢. Boundaries «f Real Configurstioms 113

STRESY -SYTAIR ANALYSIS BY DIGITAL ROUTIME (FETS) 113

113

113

¢. Beope of the Elsstic Analysis 1k
Scope of rlastie Btreln Apalysis 117
GENERA™. DESICH INFORMATION BAGED ON DFO ANALYSIS 121 ;
121 » ‘
1o1 . d

121

121

136

e. Bagmant Angle

viis

!




PO, nu‘m-uwﬁmﬂ
;

i

[

|

|

|

"

i

f. Shell Thickiwses “oneiderat ions 136
6. CGENEHAL DESIGN IMFORMATION BASED ON AM~ ARATYSIS e
7. OEKERAL DESION DATA HASED ON PRT:H ANALYRIS iny

sectioo VILI

Band Desimn for Plade "5 Vessmis

1. GENERAL o
’ 2. DESIGN OPTIMIZATICE BY AMC METHOD 157
. 3. DESION 157 !
a. Clasps ] sand 11 157
b. Clasa III 15# i
APPEADIX 1 DERIVATION OF Fig8SURE - VESSEL 163
EFFICIENCY INDEX
APPENDIX II DERIVATION CF PRESSURE RATIO f/p 165
APPENDIX II1 DISCUSSION OF TS DIGITAL COMPUTER 169
ROUTT® {
APPENDIX IV AMPLIFICATIOF i'ACTORS WITHOUT BANC 177
: APPENDIX V PBASE II, MARUFACTURING PLAN i80
ArPPENYY VI PEAHE Y11, TEST PIAN 188
.
»
1

Wt

S - 1y L




ST RTTIRT O S amem L YRR T

AP T

SH

[P RTp e —

L N [ A e s - ]

LI R e A0 e

Figurs fio.

P

O o =~ O W

10

11

12

13

14
15

17

18
19

LIST OF FIGURES

Title

Comparison on Matarial Pressure Vesael
Efficiencies

Maraging Steel Uniaxial 3tress-Strain Curves

Maraging Steel Streas Retio Biaxial Stress-
Strain Curves

Class I Vessel Cemmetry

Class 1T Veaoel Geametry

Cless III Vesscl Ceometry

Cin..8 I-1I1 Engineering Model

Class III Engineering Model

Class I-II Engineering Model Geametry
Class III Enginecring Model Geometry

Pressure Ratio Versus Fillet Aagle for Class
I-1I Engineering Model

Pressure Hatio Versus Fillet Augle for Class
I7Y Engineering Model

Normal Stiesa vs Arc Length for Intermal
Preassure

Normel Stress ve Arc Length for Band Load
Band Area-Prestress Relaticn to Achieve
Theoretical Faximm Interoal Pressure at

Yield Point

150 KSI Comtours for Critical Shell Stress
Over Interral Pressure History

Stress va Arc Length for 1 KSI Interral
Pressure

Stress ve Arc Length for 1 XSI Band Losd

Band Test Fixture

2 & 3 B

2 8

33

36

37
ko

k3

45
48

VU IOTQ V0 VU U e = e e it e - e

PP — :::{-—-w

i

i it — AL bl




R T T T e e gy

Pigure No. Title Puge |
20 Band Tensile Test Setup 48 ; ?
21 Band Cross Sectice 49 x *
22 Full Scale Band and Typi al Failure in Test hg ‘ j
. Ring o
' 2 3 Croes Sacticn Distorticn Froum Rigid Fixturs 50 !
oL 2l Weld Land Configurations for Test Specimen Sk | ,
25 Explosive Form Test Specimen %6 g
’ 25 Fxplosive Form Weld Test Specimen--Thickress ST i
Reduction for 12% Expansion |
27 Titanium Weld Evaluation Cylinder and Butt 60
3 Welded Sheet
28 GAL-4V Titanium Heat Treatment 61
‘ Heat Treat Effects on 6AL-4V Titenium Alloy 83
30 Structural Mockup Spindle for Class I-II Vessel 68 i
31 Structural Mockup of Winding Setup 69 ‘
32 Loading Cylinder Blank in Explosive Form Die m
33 Losding Axial Precompression i)
b Primscard and Node Support Ring Installed Th
35 Removal of Explosive Formed Part T5
36 Thickness Survev of Explosive Formed Part 16
37 Thickness Survey of Draw Formed Part T9
\ 33 Engipeering Model Class IIT in Weld Fivture 81
39 Engineering Model Shell Class III 82
“ ko Weld Tempersture Messurement - Class II Vesssl e
41 Engineering Mcdel Class I-II ﬂ.n\\-'ivnling Iathe & 1
42 Winding of Engineering Model Clase ITI 86
u
He




Figure No.
b3
Lb
5

b7

hg
50

51

52
23
5k

Title
Engioeering Model Class I-II
Test Veasel Positicued on Optieal Comparstor
Magnified Imnge of Tent Vessel Band

Magnified Image of Tent Vessel Profile
and Adjacen . Notched 3cale

First Test Vessel After Failure

localion of Inlcial Feilure in First Test
Specimen

Pressure-Strain Relaticaehip ~ Third Specimen

Pressure Versus 3train at Band and Shell
Intersection - Third Specimen

Strese and Pressure Yersus Strain - Third
Specimen

Third Specimen After Burst Feallure
Third Specimen Origin of Failure

Third Specimen Failure Arrest by Reinforcing
Band

Fourth Specimen After Burst Failure
Fourth Specimen Closeup of Fallure
Design Conditions Based on Test

SSPV Losd-Strain Campatibility Conditions
Math Model Part'I

math Model rert I Cuamputer logic
Mathexatical Model FPart IX

Modsl of Shell Mete:ial Stress-Strain
Curve

Model of Load Struia Curve
and Pressure Versus Interpal Pressmure

xii

i




|
Figurs No. Title Pogs |
55 Prassure Vessel Efficiency Index Versus 120
Band-Shell Material Se‘sction i
66 Efficiency Index Versus Oporating Pressar: 129 i
for Yarious Material Combinations §
67 BiTiciency Index Versus Bend Frestress- 133 1
S5CrMoV (B-1l) Stee) Material 1
68 Efficiency “ndex Versus Band Prestress- 134
* 6AL-4V T1 (anveuled) Shell Material
. 69 Efficiency Index Versus Band Prestress- 135 |
Maraging Steel {800°F Aged) Shell Materisl i
70 Soguanied Sphere Improvement of ) for 137 ;
Simpla Sphere i
71 Efficiency Index Versus Segment Angle 138 |
T2 Efficiency Index Versus Thicknesc to W1 j
Sphere Radius Ratio i
T3 Ky Amplification for No Band Versus 6
Ciguwation Sarameters: Y/R, r/R
L K¢ Amplification for No Band Versus 147
Configuration Parameters: Y/R, r/R
T Band Pressure to Internsl Pressure Ratio 148
Veraus Filimi Angic @
76 Aversge Band Pressure to Interpal Pressure 152
Ratio Versus Configuration Parameters:
Y/R, r/R
T7 Design Perameters Based on PETS Amalysis 153 1
? 78 Amplification of Membrane Stress in Region B 155 |
- Due to Mismatch with Resion B

xid4 g




AN
E i
b z
reg z
: i
P
iz Frastaos Toaghasss of Shsll Materials T i
b
‘ I1x Properties of Unidireciiosal Filamant- 9 |,
, Wowd Composites : i
¢ . i
v Mutrix .¢ Dimension Fu:smsters ) 11 -
v Test Duts end Jvalustion of Band Material 51 “
Properiies %
| vI Explosive Porm Test Specimen Plan 55
| Vil 6AL-bV Titanium Heat Trestment-SSFV Program 62 l
]
5 §
| ’c
E
3
; »
‘ g
k.
oy
g 1
xivw




LIST OF 3IMBOLB

P cecveaveestnarssrsscensscosca
P'lll...l-.-..--l.u-.cl.‘..llb
! S8 0s00es st anvasreesnsrenanae
E LI LI B B IR B BRI R BN BN B RN N B B R A A B R I AN R )
u LG I IR K B AR I A B Y A N B I A N I N Y N Y
c’ooo----‘---.c-o----o«-nn-on;
E-.-o---..oo-onn.o.no.o--ooo-
P-o.-..l.o.on.g.-oboootolcoou
I scesssscsocnccssovaccsennses

SessesrascrsrsrseanseBRErC e

2000000000000 0000000000800

Pesersssaensrssestrcrrsanest

200 0sn0ssescsetentaetse TR

T
N
v
W oceeooosostensensssasecaneanas
A
Y

LR RN A R RN R RN W N A W W WY

Roorocoooouooc ------- coensosen
I evts00c0ecsvcccsonssarncncns
-

R'.".............‘..........
B rroncsssssessnsstivecacoacacnsan
Y vrceccrcccnscsssencocacesces
VL sonvscccccncsnssnnssnansoses
m Sserceesensencenconn sty
m Sevesenssasnsseszrsensnes

Pns 2022000080000 RNPsLIRPEEIITSTLS

MEANING

internsl pressure {psi)
1.0 ksi internal pressure
allovable stress (psi)
Young's modulus of elasticity (pei)
Polason’s ratio

stress (psi)
material strain

density LB/ou.in.
design factor

band pressure (psi)

shell stress (pai)
volume (cu. in.)

veight (1bs.)

rea (8sq. in.)

oylindrical radius to sphere and nodal
section tangency point (in.)

sphere radius (in.)

node radius (in.)

mean radius of band imnner surface

band width

cylindrical radius to lowest point -:f node
thickness (in.)

Achievemant of Membrane Conditions

Design Parameter Optimisation

Computer Routine for Shells of Revolution




THR B MEANING

AS"“”"'”‘"””'”‘““'" Meridian Amplification Feotor

Ag cisosrioniniiinsisiesce. Clroummforantial Amplification Pastor !
Idesl ! ..brane stress (psi) .

N (eta) ..............0c00000. effictency indax

Y (PoL) Liiiiiiiiiineeniise... offlciency paraneter
4 (pht) soesieveiiiiurensaces. node angle (degress)

A (lambds) .......e00c0 00ees. Olroumferentiel angle formed by revolving
the radius, "R"

f (beta) ..o.veiiiieiiinsss, included angle R to any point on sphere,
and the axis of symmetry !

“(llph‘) Ssevavsesssscnsnsnias lp.chl value Iorﬂtoth.oritio&l ut Vo
of intersection of spheros (degrees

SUBSCRIPTS P
Ses0060 00000t s0snsbnerraOe ulti‘t. q

I R NN R N Y Y Y EE RN Y ﬁ.m

D < o

(A A RS S R EEEEEEERNENNENNENNNXNSEN] b‘lr.ft Omtiﬁn i 3

-]

casncssssesssnssesssssasnssss Proof condaition

0 iiisiisstniestescsscnosasss BOTO Pressure

 eceeccnrerinicarnccereenness moridian directions

W cevesccessercssssnancassesss Olromfarential directions ‘
| S ...................A..inducodbyhmdprouure |

| &

Ja—

sessoPu YR8 0BreCRPSRNCSIIEBDORS m.dby:’..o P!iblﬂd?ﬂﬂ&\u“
SUPERSCRIFT | >
8 26000000 NREFEPELPOTFOEELIPINORSIPOSPE DS mu

b (R A ERNENEERENNENNENNENYNENENENW NN N m
&..a.u-ooonto.'-c.ooooo-aoooo ‘h.ll mth m

A...,....-l..;....o.l..o‘..il pom m m w’-th m.t Wﬁm
radius to axis of symmetry

xvi




T IR T

T TR T N

gECTION I
INTRODUCTION
1.  BACKGROUND

The segmented sphere pressurs vessel concent, treated in this study,
vae conceived in mathematical models (Heference 1). Engineering principies
bagic tO ihe concept had been validated by laboratory tssts coaducted on
small scale vessels (Reference 2). Weight saving potentislities were shown
as derivabls from three unique features. These are: spheric gsomstry for
all structural modules, camposite material comstruction utilising high
strength filament vound bands, and optimired bapd preloads. In sddition,
shape versatility features & vide choice of segment sizes iotegrated in
shapes for best use of available installation space. In sddition to ib-
trinsic attributes of the segmented sphere vesssl, significant veight end
reliability advantages ere to be expected by slimination of inter-connections
Joining &n equivalent cluster of scparate vessels.

2. OBJECTIVES

This study is a feesibility evalustion of ssmmented srhere pressurge
vesssl designs at the technical level of epplied research. Objectives are
to demoustrate methods of dssigning full scale high perfarmance bardware and
schisvement of good producibility feetures, structurel integrity and perform-
ance advantages for Aerospace Systems. Towards this end, requirements vere
foreseen for developmspt of advanced 33PV anulyses techpiques during this
study as vell as innovation in mapufacturing metbhods aund processes. Engi-
neering models vers planned as the proving ground far theory and processss.
Complimentary to the svaluation results of the enginesring aocdels s Dessign

Mrrdtaria wvaa nlannad 26 & me frw vwmadicadt ~P +ha Uhane T PP b Téda swiwesan
e e A s b dmaatte S MRS W Mhy) W AR MU W ek VR 4 RS o wa s W @ P - gl e

is to provide design aides in the Jorm of analyses procedures and dats graphs.
3. STUDY APPROACH

A progrea plan ves prepared in Phase I vhich broke each major vork
category into detail task descriptiocns, preserted schedu’es axd =2s3signed
departmental respocsibilities. Major vork categories vers:

o Evaluation of materials,

o Devslopment of apalytical methods,

9 Development tests,

o Design of engineering models,

o Development of mmmufacturing processes and tools,
o Fabrication of engineering modsls,

o Asseament of samufacturing problems,

o Test and evaluation of engineering models,

o Dstail design vessels for fabrication in Phase II,
o Design Criteria,

o Phuse II MHapufacturing Flan,

© Fhase IXI Test Plan.

LI
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SECTION IT

DRSIGN SRLECTION
1. MATERIAL CONSIDERAT iONu

Maximal perfcrmance hardware was not required of this progrem. Rathu-,
the sslected mmteriais apd designs sbould permii mdALiLgTul sesesamsay oF
derign thecry and 8SPV producibility. It wes important tc selsct waterial
wvhich would entail minimum riek to completion of design evaluatioms. Now-
ever, the added infarmation 10 be gained by demonstieting micimsl veight
desigos /s apprecisted sod beld as s considerstion in the formative design

ostage.

The means of selecting suitable shell and baud materials is cleer when
based solely ocn material factors, such as: svailability, mstbhematicel model
ratings, cost, etc. However, suitability is a more camprebensive term.
Whether a material vas or ves not suitable wes dependent upon design details
of the shell vhich in turn wvas subject to formability and producibility
tredecirs .

It wvas assentisl that cmalyses be made with shail msterial atress allow-
ables and maxismm elongations besed op 1:1 biaxial tensile loed coditicos
Applied valuss are given in Table I.

8-901 glass ves the cnly filament msterial considered for bardware.
This sslecticn was based on preliminary sathematical model data and aveil-
ability considerations. Howsver, all feasible fllamept msterials, given
in Tabise IJ, vere included in the Design Criteria studies.

2. DESIGN COMSIDERATIONS
. Engineering Modsl Criteris

Make or buy decision on componepis for engineering models was
pianned for the Fhase 1 prelimivary design stuldies.

Spherical component uusufumchanmwmuwm
iiaiter vers selscisi because thesr dimenaions preaciwind sifies Ireauwsctly
listed by pressurs vessel vendors.

A dessign opereting pressure of 1500 psi was salected in conjunc-
tion vwith a dssign burst factor of 2.25. These valuns evolved fram the
corresponding design buret pressure of 3375 pei vhich required wall thick-
pssses based on strength to be in agresment with standard thickussses of
sheet Tor severel candidate shell meterials.

In the design of conventioosl weseure vessels, the Design Proof
Factu seldcm governs in sizing the siructurs because yisld stress of
toany's high strength metals is very oees their ultimmts stress. However,
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in BAPY design the ratio of design proof factar to design burst factar
does enter into the spelyses. It ocoours in the optimisation of filament
band dimensicps and preload. Bince pressure vessal proof factor eriteris
varies vetwesn sgsucies and vehicles this S3PV criteris 1s purposely un-
specific oo that requirement. Instead, a range of 0.5 to 0.566 4is applied
as tho retio of desigp proof to 4desigp burst loads.

An additiooml B3PV criterion, in favor of sinimal weight bapd ,
permits strains st groaf pressure in the ahell mmtarial underlying the
bapd tc 41ffsr fram other locations and to apyroach yield.

Design brurst prevssure 1s usually the criticel load comdition apd
at this pressure it 1is desirsble to design for identicel shell stress at
sll locations. Membrape candition at burst is spplied as a third criterion
Lo sassure minimwe stress amplification from eecondary bending at the cri-
tical loading.

b. Efficiency of Composite Structure

The sathematical ondel, described in detail ip Becticm VII, pare-
geph 2.0, vas applied in & prelimipary evaluation of candidate meterisals.
Design parameters were “ased oo the previocusly described enginwering models.
Figure 1 provides ocrapariscn of pressure vessel efficiency indices for
several shell materiale reiuforced by eitbher S-9fiber glass or baron fils-
mepts. In all such data, the term "welded' malkes dlotinction beturer a cop-
tisuocus sbhell and shell componsuts welded circumferentially at the ..ostion
of the filament band. Reductions in maxisam shell plastic straio que to
velding requires an increase in ring stiffoess for strain campatibility of
tbhe composite structure. Figure 1 shows that titanium shell designe, with
baran or 8-901 filamept reinforcemsnt are sigoificantly degraded by @ weld
joint underlying the band. L340 steel heat trested to 230 ksi 1is slightly
less efficient than annealeid GAIAY titanium 3in combipation with either band
mterial.

¢. Ductility Requiressnts of Shell Material

Tabls III suwarises published fracture taughoess d:ta on camiidate
shell materisls. The index (Kc)/FS) indicetes msximm percentage of ulti-
mate tensils strensth for desisn of pressure shells heving & reascoabls tol-
erence to creck like flaws. Anneaied AALMY titanium, 2014-T0 alumious sad
301 stainless stoel appears to offer lov risk of wremsture siyuctural
failure for pressure shells vorking near material ultimste tepsile stress
canditicos.

d. Material Availability

A preliminaiy survey on aveilability of sheet stock in the thivk-
nees rangs of .050 to .100 inches indiceted all saterials except maraging
steel cauld be delivered within 2 t0 3 weeks from date of order. Mereging
stesl sheet requ: red mill order with a
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Ingquiries vere mede to four prominent pressure vessel vendors oo
tims sp cost of supplying hemispheres o welded spherical vessels in a
size pear 12 2nd 18 inch diamsters. Exsct dimensions were left cpen to
the vendor for adaptation of existing tooling. All vendore declined tidding
on delivery of dimensioned hemispheres. Only cne vendor indicated an in-
terest in mpufacturing spberical vessels to custcamer drewings.

Inquiries vwere also made to vendors on supplying forged hemispheres.
Such forgings vould be machined to thin shells at MSD-T. Again exact dimen-
uions of fargings vere to be decided by existing vendor tooling in the 12 to
18 inch dismeter range. One vendcr made an acceptable time cost quote om
the basis of available tooling. However, in follow up to consumste a firm
bid this vendor escalated delivery time and costs beyond the scope of this
study. The choice of buying ccxponents was reduced to possible procurement
of velded sphares from ope vendor.

e. Modular Design

During & prelimipary design study, modules in the form aof purchased
spherical vessels wvas considered undesirable due to the need of cutting
equator welds, fabricating a node joint and rewelding equeators in the pro-
cess of assembling Phase II 3SPY systems.

Design requiring circumferential veld joints at the node location
caused low pressure vessel efficiencies. It ithen became certain that new
deaign of shell components was justified and producibility would be greatest
by employing basic shell modules. An hcur glsss module was attractive since
the node would be part of the integral shell. Also, the same module could
be trimsed to assemble both ja-line and taroidal systems.

f. Design Study Parameters
Tablee I and IV present the independent variables pertinent to
parametric study of SSPV designs. This dsta includes the particular values
pertirent to the selection of materials apd geametry far study hardware.

The matrix of Teble I defines the Design Criteria variations in
mterials. gecmetrvy and load.

Table TV identifiss dimension parameters wvhich must be optimized
to achieve a pure membrane stress state in the shells.

3. MANUPACTURING CONSIDERATICNS
a. Formability

A review of previocus MSD-T farmability studies showed candidate
materials (Reference Tuble I) were scceptable for SSPV fabrication. A
ranking of materials in the expected order of increased formin, diffi-
culty was:
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TABLE IV MATRIX OF DMENSION PARAMETERS

PHASE 11 DESIGNS (1) PARAMETRIC STUDY
CLASS |~ Il | CLASS I
GENERAL v
MATERIAL [SAL 4V TI v v
17-7 STAINLESS v v
STEEL
LOAD LASTIC v v
RANGE LLASTIC v
GENERAL v
GEOMETRY
R, Y/R ARBITRARY v
OPTIMUM v
SHELL LOAD| GENERAL v
MAGNITUDE
/R SPECIFIC v v
RAND LOAD | GENERAL RANGE GIVEN IN TABLE {li
MAGN!TUDE
Ay, Fo OPTIMUM v v
NOTES:
(1) PHASE 1l DESIGN CONFIGURATIONS ARE PRESENTED
INSECTION i FIGURES 4, 5. AND &.
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© 301 stainless steel

o 17-7 FPH stainiess steel
o Mriaging Dtesl

o 20ik alumimum alloy

o 4340 steel

o E-11 tool steel

o GAL-4V titer um alloy

301 stainless was the mos: ductile but was least Gesirebis bscause

the high strength phase required cold vorking sfter assembly. Titaniua vas

reted most difficult because prior MSD-T experience in farming 6AL-#V ulloy
hamispherical pressure shells (Reference 3) establiched & pesd t~ vark the
material at temperatures above 900°f. Also, LIV explosive formiug studise
showed 6AL-LkV titanium to be & difficult to work materisl due to the rstio
of yield to ultimate stresses near unity. This csused springheck and a
susceptibilityy tc rupture.

Considored forming processes relevant to metal parts ware renked
in the order of increasing risk as follows: .

Kenilwa

o Machire fram forged hemispheres
o Drav foarm
0 Shear farm from panceke farging

Cylindrical Blank for Nodal Shell

o Extrude
0 Rolled and seor ‘9ined sheet by solid state booding or
fusfer e

o Shear form frus pierced forging
Nodal Shell

© Expand to femal: s bty explosive forming

© Reduce to male aie by shear forming

o Reduce to male die by capecitor discharge

o Stretch farm segments of circle and seam weld.

Shear forming was conmsidsred undesirable due to priar experience
wherein extensive tims and materials were required to develop critical com-
trols unique to each dssign. Ir addition, a 60 day procurement time for
special panceke and plerced fargings wes upacceptable becsuss possible
forging changes during part development would require recorders.

Extrusion of cylindrical blanks was investigated anl found attrac-
tive far aluminum and titanium saterials. However, & ¢ix momth delay en-
tailing development of specisl extrusiocn dies made the process unsuitable

for this prograa.
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fieduction of cylindar diamster, at the nodal section, by shear
foraing on & meie die weé considerod. This method eptailed & high risk
of metal fatigue hecsuse of tendsncy to chase a compression wave ahead
of the formitig roulls.

 Heduction of cylioders by high energy forming tarough capacitor
discharge appesred well suited (o the desired nodsl shape. However, the
process wvas not currently available as a ready production method.

Machining hemisphorass from forgings was recognized as a low risk
nethod primerily suited to small production quantities, contingent upon
existence of suitable forging dies. Vendors with existing tools in the 12
and 18 inch Adismeter range could not be found.

501id state bonding of rolled sheet was attractive but required
developuent eymenditures beyond the scope of this study. Fusion velding
could be applied a8 & fore-rurner of solid state bonding.

The above considerations eliminated all but the following:
o Drav form bemispheres
© Roll and resm weld cylindricsl bianks
o Explosive form nodal shell for Class II
o Draw form circular segmepnta of the nodal band far Class
II1 and seam weld.
b. Materisl Weldability

Considersd fusion welding methods were Hapd TIG, Autamatic Machine

“TIGC and Electron Deam Welding. A single preference for a candidate ahell

materinl could not be decided op the basis of wveldability. MSD-T's success-
ful experience with all of the materials has shown need for equally
stringent process control and inspectior procedures.

3011d state or diffusion bonding wvas investigated both for study
hardvare and future SSFV production. Investigation of vendor sources for
8lactTon beesm service led o the copelusicn that apnlication to BEPV designa
wad feasible. However, pecessery development of special equipment and ax-
perimentation tc optimize time-temperature-pressure relation placed the pro-
cess in applied resesrch and beycnd the schedule and cost allowances of this
study. The pressnt state-cf-the-art does justify retemtion of the process
in production plans for meximal performance 3SPV designs. With this long
range cbjective in mind, 6AL-4V titanium beccmes singularly attractive be-
cause of its lov temperature response to s0lid state bonding.

¢. Tooling Consideretione
Regarding farming of shell compovents by sbear farming, drav form-

ing and explosive forming, all pertivent touling ves ardinsry to MSD-T tool
design fabrication sctivities. Shear furm and drsv farming tools on band

.uu.»m....'...-.'.....j e
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could be *dlpbm to the SEPV desfums. A saccessful explosive dis design
wue on Bend fres 'r;..c.n- marulactary of APV ahelin in a 6.0 dissster
renge. Ccasequently, w larger sesle cupy f that dusign offered s minime
effor: minimum risk epprosch. 1lhe only unceitagsty cobcerned the exploeive
fanming of seem welded titapiuwe tudbing. It appeared probable that tooling
Shaplicatisne would dsvalop arch as rrevision tor explosively forming at
elevatsd temperrtures.

X
i —— oc—r— -t .
- e ok Wb ci .3

ALl articiprinl “ole end tmld Pixtixas o 10 of conventiionel mature.

CE ey s

Methods of vimding fliuedt tends a0 . ¢ toroidal vessel (Class II

, design for Phase IT) grescotsd & pev Lok les. Tbe existing vinding lathe .
had 1nsufficient Lhrow i - . g the toius in <1l heand wvinding positions.
Strajghtforvard. s.. vons - uu Qeced: *

0 Developuent of & maltl poe’: isuiny fixture in comoination
with a gap lathe.
o Devclcrment of a planetary 'rinding device.

Noval approaches were:

© Prewind bands and position ob module blank before explosive
forming .

0 Wimd modules after exploiive farming but prior to welding

into the vessel assembly.

The first and fourth msthod appsared to offer minimm development '
risks. Feasibiliity of the fourth method would depend on trinls wherein
attampts be made tn protect ths band from over heating during welding. i
Critical location wvould be at the jnsids torus radius vhere weld apd bend
center lines nearly converge, (Reference Figure 5).

M. DESIGH SELECTION
8. Material Properties

Tie pressure vessel efficiency index for snnsaled GAL-4V tivanium
alloy in caadination with 3-901 filament glass is in the highest bracket
batveen .7 and .8 (Reference Pigure 1).

Whethar an afficisncy gain would result from heat ireatment of the -
titanium is uncertain. Biaxial stress stroin data for the GAL-AV in the
high strength pimse vas not cvailadls for application to the sathesatical i
models. Bowever, it is axpected that reduced elongation wonild penmlise the .
band veight mure than encugh to offset the small decresse in shell wveight. 41
lasa desirabls is tha tendency tovard brittle fafilure in pressure vessel
ustige vhen materisl elongetion 18 less than 3 percent. A wmargimal situa- i
tion appears tO0 have already boen reached with the amnealed condition when
cos considerd that undar 1:1 bisxtial losding a measured saximm eloogation
d35m1-n-mmmwummm ‘
uniaxisal stress.
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Presmure vessel mapufacturers bave felt the impact of this
phentmenon of largs ductility loss upder bisxial load comditions, in
experiences of umreliable strength due to extrems sensitivity to vessel
surface scratches and minute mamfactured imperfections.

A survey of pressure vessel venicrs conducted during this study
suggests ¢ prrctical upper limit of 180 kei uniaxial ultimate temsile for
L340 apd 200 kei for mareging steels. At these strengths steel 1s not
veight wise competit.ve with titanium in S5PV designs. These values would
correspond to approximate 1:1 bisxial values of 218 ksi and 230 ksi re-
spectively. The values of biaxial UTS of 253 ksi for 4340 and 305 ksi far
maraging steels used in this study represent the mare optimistic opimians
of the industry. At theoe levels steels sre campetitive with titanium but
they sust be recognized as high risk materisls.

Maraging steel displays another strain characteristic which ap-~
pears to be unsuited to thin wull pressure vessels. The distinction between
thip and thick wall designs is important because the material wvas developed
as & pressure vessel materisal where deep hardening charsacteristics are im-
portant. A peculiar property of this materia) is observed in its stress
sLrain disgram. Opce ultimate tensile 1s redached the material strength
coptimes tu drop off with increased elongation (Reference Figure 2). These
post ultimate stresses are measurable anly under labaratory conditions vhere
the applied load is also proporticpally reduced. This is the loading situ-
ation of a tensile testing machipe where the mechanism introduces a steady
strein rate. Under dead weight loading of a tensile coupon the specimen
vould give wvay at the instant ultimate stress was reached. The dead weight
example is analogous to the steady pressure losding of a thin sheli. This
retiooalization is supported by 1l:1 biaxial stress strain curve for maraging
steel shown in Figure 3, vhere plastic elongation is very small relative to
the uniaxiel strain as shown in Figure 2.

The above considerations led to the selectiom of GAL-4V as the
preferred material for SSPV hardware for this study.

b. Material Availability

A preliminary survey of titanjum suppliers indicated tbat heat
treated GAL-4V sheet, in standard gages betweern .063 and .125 could be
located in warehouse stocks and delivered within 3 to &4 veeks fram ardering
date. The desired annealed condition cculd only be procured by mill order

with a 3 to 4 month normml delivery time.

It was therefore planned in the Phase I effort to anneal received
material and requisition Phase II material with sufficient lead time to

permit mill oxder.

In the course of the design development the required sheet thick-
nessea was frozep at .0OT1 and .100 inches.
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A sufficient supply of .07l material was collected by series of
sumll shipments vhich barely kept pace with development test apd fobrica-
tion requirements.

However, eariy orders on .100 sheet remsined unfilied. Thare was
no prospect of the situstion changing. Thies procurement problem affected
the Class III configurstion hardware only. Fabricatiod planoing was then
shifted vo wachining the Class IIT 17 inch shelle from hemispharical forg-
iana on the strength of an eight week delivery quote by ome vendar. Other
aurced were prohivitive due to large time snd cost provisions for fabri-
cation of forging tocls. Confirmetion wveas sarked and received with the
veurdors statement that proper forglng dies were oo hand. Eowever, upcn
receipt of M3D-T's purchase order the vendor revised costs and schedules
in & manner incompatible with this study. The vendor could not deliver
beczauss tooling would bave to be developed after sll.

At this point it wvas clear that a matarial change wvas necessary
if the study was to banafit from Class IJI enginesring model design and
fabrication experience. A prelimirary amalysis ipdicsted a remscoable
engineering facsimiie of the titanium Class III vesse) cculd be profaced
by using 17-7 FH ateel sheet ani by dropping the gage obe step. This
materjai vas reaiily available and was accordingly introduced into the
Class III engineering model design.

c. Design Producibility Considerations

An impariant evaluaticn in the design feasibllity study concerned
the producibility of 39FV hardware. The design philosophy should give
cradence to practical mapufecturing metho s, few components and well cone
trolled tolerances.

A second criterion - avoldance of circumferentinl velds urderlying
the band - cene about as a result of material efficiency comparisons with
mathematical models.

Prelimipary derign studies demonstrated that a large family of
systems of conctant diameter could be assembled from two basic modules.
These are an explosive formrd shezll in the shape of an hour glass and a
hemisphare end closure. Cimss I &nd 11 vessels of this study sre included
ipn that family. Varietions in trimming these explosive-formed-godules pro-
vides versatility in ahape of the system. Modules would be welded tO each
other such that thelr interswuctions daacribe & gresat circle. This would
allow & choice of assembly slwpes. Syostem centerlins could be axis sym-
petric, disjointed or follow sny curve. Yet in this assembly each segment
oparates iu the stress state of & simple sphere.

The end closure of these systems would be acccxplisbed by use cf
a frustrum of e hendispherical sheli. This intersection peed pot be on &
grest circle.

18
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Ydeally the cylindrical blesk for this explosive formed module
vould b2 provided &8s extruded seamiess tubing or as rclled sheet 30lid
state bondsd at the seam. Az an intermediate approsch it vould be ex-~
peditious to fusion bond rolled sheet.

The Claes III aystem did not lepnd itself as well to so few parts.
In theary, membrans corpditions could be achieved vy simply intermesciiug
and Jolning two different slgze spberical shells provided the nodal band
restraint could be concentrated as a line load in the intersection plape.
Since the physical band occupies a finite wldth it appesred sdvisedble to
provida a trapsition section. This transitiox secticn could be a ring
with & ¢ross section profile forming a velley end medium line of the sides
gsloping to a point of tapngency with each adjoining sphere. These points
of tangency wvould define the intersectlion joints.

I SO TN NS AR,

This transiticn ring could be easily shaped in cross eection by
shea. spinning or by explosively formiug a short length of seamless tubing.
Seamless tuhing baing unsvailable within the time span of this contrect
made it neceesary to resoxt to sheet stock and one o more seam we.ids.

The simplest method was Judged Lo be that of stretch forming two arc sec-
tions of the transition ring a&nd joining by fusion welding.

From & groducibility viewpolnt it would be highly sdvantageous
to filament wind bands oc the exsplosive formed segments before welding
into the assembly. This spprosch would stapdardize the winding method
for the entire family which included Class I and II systems. Further,
the reimforcing bands of complete torcids could be wound without need
of special plapetary or shuttle winding machines. This method could be
adapted to Clese 111 vesasels by increasing the width of the transition
section beyord the tangency points with the sdjcining srheres. This
would, cause the weld joint to be displaced fram the tend which for struc-
tural reasons is tounded in width by the tangency loecl. Hovever, widening
the hand vould incresse severity of the cros2 section forming to & degree
possible only by shear forming or axplosively forming seamless tubing. It
was therefore planned that Class IXI vessels fabricated in this study would
be wound after weld assenbly.

d. Vessel Configuraitions

The three basic SSPV configuraticus to be designed and tested were
defined by the Alr Force as:

o Class I Longitudioally Symmetric System (Reference Figure 4)
o Class II Torcidal Systesx (Reference Figure 5)
o Class II Cambined System (Random' (Reference Figure 6)

Size for the basic spherical ssgments wvas selected through manufacturing
consideraticns as: 12 inch diameter for Clessea I and II, 12 snd 17 inch
dismeters for Cless 11I. Definitive detalls to be found by analyses and
dssign studies vere:
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© Ratio of transition ring radius to spherical radius

o Shape snd size of podal transition section (Y/R)

o Shape ki sise of the filsmsut wound reimforcing band
o Magnitude of the filament band preload

0 Major radius of taxrus (Class II system)

© Necessity of weld lands

Prelimi ary mathematical nodal data showed presmure vessel efficiency in-
creased with increased segment angle (0 ), vhere: ot = siu-4\X/H). Lemil
isprovement in efficiency was thown for sagment angl ‘s greater than 65
degrees. On this basis oC = 65° wvas selected &s an spproximate design
condition for Class I and II systems. Thx precise value wvas determined by
design lay-out studies. A nodal radius of 1.0 inch wvas used since smaller
redil appesred to be too severe for explosive forming.

Selection of the segment angle for the Class III vessel required
layout study to establish tbh- influence of (°C) on the physical properties
of the transition ssction. .t waes desirsble for structural reascns to
develop & transition section vhica would be tangent to both the 12 and 17
inch sphere at the same cylindrical radius. The particular transition
geometry chosen for the Cless I1II design was one of seversal known to satisfy
the common cylindrical radii comdition.

Band srea was determined by two apalysis methods. It is clear from
both methods that the band width should stop at the tangency loci between
the transition section and the adjoining spheres. Equations have been de-
veloped in the AMC method defining how band depth should vary along the tran-
sition tone vidth in order to preserve membranc stress conditions. These
equations were the source of bapd shape definition for all three class sys-
tens.

By amalyses, the required bard cross section ares decreased as pre-
stress increased. Selection of the filameni band prelosd was decided at 40
to U5 ksi filament tension. It was believed this represented an upper limit
beycod vhich filapent fraying vould be troublesome during vwinding. However,
fraying did pot develop as a problem. No evidence of shell buckling vas
observed for engineering models wound at the UC ksi prestress. In so far as
maximm vorking stress of the 5-301 filagsst glass, = prestreas of Q0 ki

could be used before band ultimate alliwable stress would be approached under
ccmbined condition of prestress and design burst pressure.

The major radius oo the torus design for Class II systems was based
on a minipmum for 12 inch sphericel segments which would grovide sufficient
space for chill bars tc provect the bands against overheating during welding
of the revound segment: .

It was uncertain vhether lands would be required along the seam
velds of the tudbular blank to avoid weld failure during explosive forming.
This decision was left to development tesis vherein weld lends vere found
not required for forming purposes. To achieve unifarm vessel strength,
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woli lapds eve commonly uses to coEpemsate for strength lose in the heat

sffsctd stus.  Howsver, Sines locslised thinndns of ushmsoum sneset wold

occowr duvring forming Of the shslls, design of the lands vas delayed until
completion of engineering wodvl thickpess measurements.

s, Ensinsarine Modals
The engineering modsls were ccnfigured to duplicats ‘hie segment
Joints apd the nudal soms detalls for the three design comfigurstions.

It can be assumed that sdjoining sactions, wherein asch secticn
is taken with the band cemtered, have idsnticel stress fields. Ther:fcore,
one such seetion with hemispherical ond closurss reprerents the covplete
structure of the larger system.

Enginssring model Class (I apd XIXI) vas designed as a pro.otype
of the axio symsrtric ani toroid aystems. Epngineering model Class III
repcesented the nombined or rendoe system. (Reference Figures T and 8)
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SEGIION IIX
. o
DESIGN OPTIMIZATION BY ANC METHOD (REF. SECTION VII, PAR. 3.0)
a. Band Load Distribution

The ratioc of band pressure to internal pressure is ccoputed by use
of Bquation 1.1 from Section VII paragrapu 3.

- R -1 __ _Cos _
t/v = & (2 (r/R) PR YT c“*) (1.1)

Coverning seometric parameters for the Cless (I and 1I) vessel, given in
Figure 9, are:

Y/R =~ 0.9450 r/R = 0.1666 Maximm = 19.5°

Applicable parumeters fo- Claas JII vessela are based on geametry wi
Figure 10, which are:

Iarge Segment Smal) Segment
Y)/Ry = 0.4848 Y>/Rp = 0.6867
r1/Ry = 0.1666 ro/Rp = 0.2739
@1 max = 60° P, nax = 46.6°

b. Desjign of Engimering Models
A. Class (I - II)

Using 6AL-4V titanium annealed shell material and the S-901
fiber glass wound band, the following conditions are used i{n the

rovasn Py |

- o, Aba. 4 » -
QUALYS LS L2 Wil wSoLKii.

S = 40,000 psi
t (nominal) = 0.070 in.
t (m=in) - 0.060 in
Pp - 2t (un)¥y . (.120) (168,000)
- 338 7 psi (mo reduction’ orlsmmeuncu-)
egb - oY (1 - u)/ES + 0.002

((252 x 0.7) - 17) 10"3 + 0.002
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= @.00825
o Fm - N LLE
up[ R = (M Setv ]

Baged on theee conditions and the gesnmetry giv n in Figure 3,
he band l1oad for membrane conditions iz calcuiatad using the

AT sl v el 248 s
MOIUR LT 4w ad vy

19,57
o’ Ab-ﬁ.’f (rtcoa¢d¢)(y+r)-rcos¢

¥y T

o’ Ab=2r2.t‘[19‘r ((¥Yrr) coaé) -c032¢: d¢
4o ’ {..2)
Where the band to internal pressnure ratioc is taken to be,
£/P = L7 (Ref. Pigure 11) (1.3}
Jcbstitution of vejues into Bquation (1.2) ylelds:
o° A% =3.7387¢ (1.4)
Sutstitution for f yields:
O% A - (3.7387) (3.47) { 2381.7)
= W3,871.77 1lbs. (1.35)
Pased n procf oresgsure, the stress is:
. 40,000 + (L0025 x 9 & 20) (1.6)
o5 = 114,3% pei
Tnen, the struss at burst pressure is:
crg = 114,340 & ng/ny = 171,680 ps: (2.7)

b
Using the value for ¢ - .n Egua.ion 1.5, the band srea rejuired
for tne burst conditiorn is:

t
1,om 43,871.77 = 43.871.77 = 0.2355 sa. in. (1.8)
BT e 1716
B
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B. Class III

segment being one part.

The large megment degign is bssed on the following conditions
and the geometry given in Figure 10.
Fo = LO,000 pas
np/nB - 0.666
t {nominal) = .79 in.
t (min.) = 0.077 in.
PB = 2¢ (min) dﬁ = lsu X 185100\) - 5373':39 pai
R B.445 (no reduction for
inefficiercies)

€Sb -a’; (1- u)/ES + .002 = ((150 x .7)-30) 1073 + .002 = 0.0055
P

The band load equation for a membrane condition is:

b b 2 (02° * 2
o® A .rlf ((F.*T1) £ con § - con’ ) a ¢

o ry

where the straight line relationship f = (3.95 + .697qb ) P is an

approximation cof the distribution given in Figure 12.

(1.9)

Substituting in val ies and integrating, the band load becomes:

o’ A =13.67 2
Based ¢ proof pressure, the stress is:
Cfg =Fy + t:gp 2
= 40,000 + 0.0055 x 7 x 106
= 89,3500 psi
Then the stress at turst is:

0'% = (89,500 psi) - (ny,/ng) - 134,250 psi

(1.10)

(1.11)

(1 12)

e A st et =
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Using the above value in Equation (1.10), the band ares

required for the large ssgment at burast n

b -
Ag = 13.67 x .6 o 0.3435 e#q. in. (1.13)
I

The small segment's geometry, Figure 10, and the following
conditions Aiffer from the large segment.

t (nominal) =0.063 in.

t (min) =0.054 in.

Py = 0.108 x 168,000 = 3043.5 psi (no reduction for
5.9615 inefficiencies)

The btand pressure for this segment is given by the straight
line relstionship:

£ = (1.95+ .2/6 ¢ ) P (Ref. Figure 12) (1.14)

Band load for membrane conditions is calculated using
Equation 1.9 with only numerical changes due to gecmetry with the result:

ol AP = 8.9k P (1.15)

The stress at burst condition was previoualy calculated to
be 134,250 psi. Substituting this value in Equation (1.15) along with the
pressure at burst (}B), the required band area for the small segment is:

b, (8.94) x (3024) . 0.2026 sq. in. 1.16
As 134,250 a ( )

The total band area for both segments at burst condition is:

AR = 0.3435 + 0.2026 = 0.5461 sq. in. (1.17)

2. ANALYSIS BY PETS DIGITAL ROUTINE

The large numwber of trial designs which must be made in & comprehensive
parametric & alysis of a segmented spherical pressure vessel make it expedient
to uase £ sim; le membrane analysis in the design procedure. For a given value
of internal pressure P, the stress predicted by the membrane theory
( O p = PR/2t) will be accurate except in regions of shell bending. Since
the individual segments &re homogeneous spheres of constant thicknesz, shell
bending will occur only in the neighborhood of the reinforcing band and near
points of manufacturing error. The primary purpose of this analysis is to
determine the effect of this bending or. the design.
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a. Solutions on Equal Segment Configurations

This section presenta the results of the stresa-strain snalysis
of the equal sphere configurations. As will be indicated in Sectiomn VII,
the analysis employs the band shell compatibility relations to combine the
rasults of unit load analyses for the rsinforcing band and un-reinforced
shell to yield solutions for the reinforced shell. ‘‘he unit load analysis
for the un-reinforced shell deteérmines strain, diasplacement, and stress
influence functiona directly from the output of digital routine FETS. Two
such analyses are required for any shell configuretion; one vith a uniform
internal pressure, P, and one with a uniform band pressure f The influence
functions presented in this report were all obtained witi: P and £ equal to
1000 pai = 1 ksi.

Pigures 13 and 1k are typical of the stresa influence curves
which are obtainedfrom unit analyais of the equal sphere configurations.
The four stresses rep esented are:

o}

i, : Meridional stress on inside and outside fibers.

Cff O}

O, o° : Circumferential stress on inside and cutside fibers.
- L

These stresses are shown as functiona of meridional arc length, §

The atress d.atribution is sywmetric about the low point of the node (shawn
as the center line) and the maximum values of stress occur at this point.
Figure 13 shows the stress ia ksi per ksi of internal pres:ure and Figure 1k
ehows the stresgs in ksi per ksi of band pressure. Both of these curves
represent cthe design case (12 inch diameter sphere. segment angle &67° 58',
wall t?ickness .068 inch, elestic modulus 16 x 10° psi, and a 1 inch nodal
radius).

b. Design Optimization, 12' tn 12" Veassels

In general, shell bending in the neighborhood of the reinforcing
band will reduce the safe working range of pressure. The problem considered
here is that of minimiring this reduction for a particular choice of materials
and shell radii. Explicitly. for given shell .nd band materials and nodal
radii, the optimization procedure is to find a combination of band area, A®,
and prestress force, F,, which minimizes the effects as the design of shell
bending in the neighborhood of the reinforcing band,

For the equal sphere :onfigurations, the problem iz simplified by
the existence of a pure membrane state for some value of £/P. In such a case,
the pressure ia obtained by the band ¢ ~ea and presiress such that the stress
in the shell in its membrane condition 1is exactly equal to the yield point
strass of the material.

We illustiate the procedure by means of the design e) mple.

A. Determination of Design Stress

The first step is to determine which of the four airess

35
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o’ (p), ob (P), 1s critical at

functions O’i (r}, O'i (P), :
A the unit sew by digital routine PETS ;

any given valuwe of P. Fron
it is found thai:

Ua/P = 250.10 - 63.742 /P O /P = 197.39 - 45.G7 /P
ol/p = 165.37 - 35.876 £/ OL/P = 115.06 + b7.22 £/P

1 it is sasily verified from these reguits t.at the ctress o': s i

Oo» ATt interuedivte stresses for all values of f/P, and
OS5/ is design stress for 3.37 2 £/P & 8.7
o':;’P is deaign ntress for 3.37 4 /P 5 8.7 .
where
f/P = 3,37 is the membrane condition.
Now in general,
fePey +f =f/P=k +f/P

So for a fixed design (!‘o, Ab), f/P is a function of P alone and

%— (£/P) = - £ /P

Thus for I == o;

OQ is design stress

O'é is design stress

for > 2= P 2 Fpem
for P' 5 P < Ppem
t/r

/R -
el s

B. Opt!l.aization

Now F/P = 3.37 eliminates the secondary stress - that is, a
membrane state sxists at this value of £/P. We wish to maximizre the value
of F at which f/P equals 3.37 relative to the condition that the shell does
not yield under the band load alone. Now the stresses in the shall are:

s
o*=P O+t O';. )
and ir view of the sbove, we wish to choose £ such that, for a yield streas
of 150 ksi,
[4)
1soza‘-po'P +fo"?.,t‘orIZPm (2.1)
150 2 O = 1 q',;, for P = o, (2.2)
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Subject to the condition thatl
- %
fn/Py = 3.37 = % (2.3)
In oarder %o maximiss the valus of ths interasl presaure, Ph, at

which th? membrane state .ccurs, we take

£ o .
%i_g > q; + B o . q; +kq?. (2.b)

P, .

thus

Pp 150 (<.5)

GrtE Or
Since,
O.p *+259.1, o;? = 63,742

we get

P = 3,38 kei,

which, as predicted, is the value of preasure at whi: a single
component sphere yields,

C. Choose Band Area and Prestreas, Fo

Thus, letting

P = 3.38, k = 3.3/ (2.9)
m

we obtain
fo = 3.38 (3.37 - kl‘ (2.7)

But for no ylelding at P = O, one must have,
o -
150 £y o, (03.742)
which implies

rf =< 2,35 (2.8)

o =
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and we note that this is indspsndant of P‘. Combini~g this
with (2.7) yields

k, 2 2675 (2 )

But in general,
8 s
k, = (3 .f?. Ep M klé 4 (2.10)
£ ~ &t Xy
From unit analyses by routine FPETS the € strains are

= 012493 £ = - 0031276

Thareforc,

- 8
E?‘ «Ep Yy Er = 012493 - k) {.0031275)
" .
1 K

1

and since &) 2 2.675 by (2.2)

b .
= (019 = 4555 2.11
6 b g mg 5095 ( )
Nw since £, = 2.35,
€%~ 3R = fo
Eb Ab fo EP
implies
e 5 »
Cr & .20
2.35 E®
Therefore
———r——r“ < IR <, ,001565
= = ,001
2.35 B ED Ab
How § = .733 R = 5.62 SR = 4.11

Thus .for no yielding in the range 0 = P =< B

Fo w1l o 001565 E° (2.12)
Z3% — o =

ko




2 7

in order o eniorce Land sneil compativiiity at P = 3.30 (so ihat the Gesign
stress assumed by inequality (2.12) is correct) we must have:

F. A
f, = on“b - P (x - kl) - 3.38 (3.37 - kl)

n

1%

FoA® 23.38 3.37 - €

5R SR
0, B
EP ab E t

or, with E;, 6; as befors, and SR = 4.11,

Fo=13.9 [ 3.37 - .01249 E° AP 2.13)
Ab 1&.ll + .,00313 Eb Ab

In general, any consideration of Eb Ab and F which satisfy (2.13)
and negquality (2.12) is satisfactory for all values of internal pressure
in the range 0 = P <« 3.38 ksi. Figure 15 shows a plot of such combina-
tions for EY = 9Q.1.

The actual design case does not gquite lie on these optimum
curves. Figure 16 is helpful in illustrating the consequences of utilizing
a non-optimum case. This figure shows the contours of critical shell stress
as a function of band area and prestress. For example, the shell gields
at P =0 for AP = .270 if F_ > 36 ksi. On the other hand, for AP/.270 = .9,
and Fo << 39.8, the shell sgress Just reached yield point at P = O, but then
relaxes and remains less than yield point until P exceeds 3.0 ksi. Of course,
every point in tne shell will yield when P = 3.33 ksi.

c. Deaign Optimization, 12" to 1" Vessels

This solution assumed existence of a single uniform (1/p) value
to satisfy membrane conditions on both the large and small segmeut sides of
the nodal section.

The stress distribution from routine PETS for the design case,
for a unit internsl pressure and a unit band load, are shown in Figures 17
and 18 respectively. These figures clearly illustrate the origin of the
residual hending stress. The maximum stress due to the internal pressure
occurs {in the node) on the side near the large sphere, and the maximum
stress due to the uniform band load occurs {in the node) on the side near
the small sphere. Obviously, these can never cancel. From a procedure
completely analogous tc that derived for the 12-12 inch spheres, it is found
that value of f/p which minimiges secondary stress is 3.42 xsi and that the
corresponding maximum value of .nternal pressure, for no yielding is 1.80 ksi.
Finally, the basic relations between band prestress, F,, banc AP, modulus
EP and dimension SR to insure that there is no yielding anywhere in the range
of pressure,
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e

F o
o <7 SR
3 ‘(j?)._t:b —t T 5 Faval ]
w73 A Eu ey AFSLy
and
. , b )
Fofy =186 (3.42. _  00375E A (2.1%)
SR b b}

SR + ,0010; E- A

Jt is noted Lhat the two (f/P) gradients computed by the AMC
method (Ref. Figure 12 have aveinge values of 2.1.5 for the amall segment
side and 4.2 for the large sepuent side of the nodal aection. Thene values
bracket the value of 3.L2 zelected by ludgment from the PETS Iita. It is
rov obvious that tk" assumption of a single uniform t/p value for the PETS
method was a severe compromise on accuracy. However whei, Lbhe PETS --sults
are recognized as an averaging anproximation, it provides u g-.a check for
the AMC solution.
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SECTION IV

LABORATOFY EVALUATIONS

1. FILI, SCALE BAND TESTS
a, Tesi Method

Modulus of elasticity values determined by mtress-strain measire-
ments on NOL rings were widely verient and significantly lower than values
calculnted on the basis of volume percentege of filamert glass. These
disparities were also found in the literature reports | data. 1t was con-
cluded that the standard cplit disc test metiiod was inaccurate for mcd ilur
of elagticity purpcses.

A rspecial radlial expending fixture was designed and fabricated to
accommodntle full scale bands for the Class (I-11) engineering model, The
Leet fixture design employed sn expsrdable eteel ring comprised of eight
sepments. Thease segmente provided the surfaces which applied uniform radial
press.ire over the entire {pner circumference of the SSPY test ring.

The megrents were in turn loaded by a sysvem of wed#es on roller
ternrings (Ref. Figure 19). The wedges vere arranged to transrorm linear
travel of sroagheads on a astandard Ralduin Tensile Terting Macnine, intn
uniform radial disple:ement of the ring fixture. The test set-up is shown
in Figure 20.

v, Test Band Isbrication

A totel of 10 {ull scale S8PY filsment banda and 13 NOL rings were
wound for structural s..iuction tests, G woa ¥ LENDS Vire Wowed 14 dacis
of five lots, BSeveral NOL rings were wound of each lot materials and tested
te provide a Quality Control Standard.

All specimens were wound with 8-901 20 end filament glkss and
epoxy resin., A typical band cross section is illustrasted in Figure 21,
A full scale 3SPV band is shown in Figure 22.

[ Test Results

Propsrties of tne B8PV filsment wound bands and NOL ring, given
in Table V, are based on resin-burn-cut tests, to detcrmin. percentsge of
gless by volume, and stress strein messursment during tensile testing.
Failure mode, repcrted as cleavage, was experienced in early S8PV tests
due to strain reduction of band cross-section csusing lcad concentration
at the cruss-section center line us {llustrated in Figure 23. This wes
corrected by providing a .C625 inch thick vinyl liner between the fixture
and the band to simulate the ectual vessel conditionr where the thin shell
maintslns band shaps comzciamisy. SLIV hand specimen numbers 23, 24, 29
and 30 failed in pure tension mode. A typicel fuiled ring is shown in
Figure 22. Strength data is given in vable V.
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FIGURF 20 BAND TFNSILE TEST SETUP
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FIGURE 21 BAND CROSS-SECTION

FIGURE 22 FULL SCALE BAND AND TYPICAL FAILURE {N TEST RING

by




T

T HISE B 011415 e ot omairp o

I TIAL FRACTURE BAND COLLAPSE

v/

INITIAL CROSS
SECTION

CROSS SECTION
UNDER HIGH STRESS

RADIUS MISMATCH
‘1 -~ SEGMENT
L~

AR

DIRECTION OF PRESSURE

FIGURE 23 CROSS SECTION DISTORTION FROM RIGID FIXTURE

50




YABLE v TUSY DATA AND FYALY, TTON OF BAND MATERIAL PROFERTIE!

[ ! WSTRMT .
, , . l CIRCOM jprinsrone Jro ol comvosit
TEST {SPECIMEN NO| ARL A V0L, {INSTRUMENTED £BL A VORF LG T N W S T
GROUPINGL  SSPV | SQ. 1. | THLAMENT [RADILS JINCHE S RIVIER 1M Koy { x a0 6
) acs | 2.9 8203 12,56 240 1. 1 0S
10 08¢ 79 W ARQ % 1427 AREAS ¢ 9K
1 11 0176 Vo | A g2 40N .
12 0170 L 5345 14.84 2800 ©
13 27 6206 Pt 13834 61t K32 i
14 273 b4 S66 oy 60.0 87 | wB3I
s 2815 62 560 12620 17y EARE vy
6 2793 A2 5.06 130,48 70.0 IELIN 918
1] 17 .07 o8 2.9 5358 13.0¢ FLAAG 6.9V
18 L0169 | .8 29 339.0 14.27 a0V _Te8 |
19 0175 68 2.9 5205 4.1, ARE ) 738
by 6862 2.9
v pa 281 R 144 2 I
22 2806 622 S.66 126 7 14.0 10 "
e —— S O S . . P
v ) N2 63 60 141.0 64.0) 1995 ‘
24 27% 63 610 180 88.0 195.5 L
bO3 2bi & 179 T80 N K 4 ,
2 R R AR IR {304 \
vi |z 616 68 20 569.4 15.01 237.8 v
28 USE FOR RESIN BURNOUT TEST
29 .265 63 .07 143.77 72,77 203.77 Wi
K 0] .250 .63 6.03 151.47 73.52 09.20 113

S e r—— -



bV TEST DATA AND EVALUATION OF BAND MATERIAL PROPERTIES

|

'“é.%'?:‘ﬁﬂ"' TEST LOAD

b ( )10-3 COMPOSITE FIBER TENSILE TYPE

7| ol TENSILE ~ MODULUS kS| FRACTURF
£20.5 13.56 240.0 7.08 TENSILT
489.5 14.27 237.9 6.98 TENSILE
517.5 14.27 242.9 7.38 TENSILE
535.5 14.84 250.0 7.94 TENSILE
138.34 67.5 151.6 9.33 244.2 CLEAVAGE & CUTTING
133.92 66.0 158.7 8.83 255.9 CLEAVAGE & CUTTING
126.32 77 157.0 9.74 253.2 CLEAVAGE & CUTTING
130.8 70.0 155.C 9.15 250.0 CLEAVAGE & CUTTING
535.5 13.06 250.0 .99 367.6 TENSILE
539.0 14.27 261.5 7.69 383.8 TENSILE
520.5 i4.12 239.4 7.3% 352.0 TENSILE

144.2 CLEAVAGE & CUTTING

126.7 74.0 1%6.1 9.37 229.1 CLEAVAGE
141.0 64.0 199.5 9.02 316.6 TENSILE

L 139.0 68.0 195.9 9.45 30.9 TENSILE

r 535.9 13.69 241.7 7.33 35541 TENSILE

! 535.9 13.17 230.4 7.05 338.8 TENSILE

t 569.4 15.01 2378 8.54 349.68 TENSILE

r.r TEST

v 143.77 72.72 23.77 10.45 323.44 TENSILE
151.47 73.52 209.20 1.3 332,06 TENSILE

_ A
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2. DEVELOPMENT OF EXPLOSIVE FORM FPROCESS

a. Test Specimens

In order to evaluate weld methods and explosive forming controls
suited to forming the hour glass srell module,a teat plan was prepared for
forming half scale cylinders. An explosive die was designed and fabricated
to bulge ti.e 6AL-LV seam welded cylinders to 12 percent permansnt. radial
strain. It was reasoned that 12 rcent would provide a conservative cri-
terion since the SSPV Class (I-II) design would require less than 8 percent
permanent strain. Land configurations ars given in Figure 2L with consi-
dered weld material processes listed in Table VI,

f b. End Load and Explosive Forming Process

The greatest risk in explosive forming the SSPV modules was as-
sociated with the presence of the TIG welded seam., It was known from pre-
vious MSD-T formability studies that GAL-4V titanium did not respond well
to high energy forming methods. In search of the cause it was observed
that 6AL-4V annealed material lost 75 percent of uniaxial elongation when
suabjected to biexisl tensile strain. It was reasoned that introduction of
an axial compressive prelvad would help move material in the radial direc-
tion end tend to restore uniaxial elongation capabilities., Therefore, the
test die was designed with end plates and bolts which could be' torqued to
introduce a controlled axial preload.

c. Test Results

Test experience conclusively demonstrated end loading caused a
significant improvement in formebility of BAL-4V titanium in explosive
forming. At the beginning of testing, four identical specimens were formed
two with and 4wo without end loadin: (Ref. Figure 25). In order to achieve
full form with the unloaded specimens it was necessary to increase the pri-
macord charge at the second and final stage. In the end loed tests the
charge was held constant and the axial load retorqued to the original level
after each firing. Metaliurgical examination of the unloaded specimens
showed considerable necking and surface tearing of the welds as a resuit
of expiosive forming. No deleterious effects were found in the end loaded
specimens after explosive forming. Continuation of testing to evaluate
weld processes, was made with end load of 75 ft. lbs. bolt torque and 8
inches of 100 grains per foot primacord. Test results showed satisfactory

. formability with 6AL-LV titanium rod without weld land provisions. No sig-
nificant difference could be found between specimens with and without weld
lards. As a result of this favorable experience the requirements for elec-
tron bLeam welded specimens was cancelled. A thickness survey of explosive
formed specimen was taken and is shown in Figure 26. Design instructions

vere issued to provide end loading features for the full scale explosive
die. Engineering model design proceeded with useage of 6AL-4LV weld rod and
no provisions for weld lands prior to explosive forming.
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=10, -1, =12, =13, - 14, 15, & -16
WELD SPECIMEN

WELD 0.071 WELD

0.071 0.064

o] |

TYPE | TYPE 1l
DETAIL X - WELD TYPE

0.0

r-———a.o:o.u————-' t

-19, -20, -2, & -22 234~
WELD SPECIMEN WELD SPECIMEN

FIGURE 24 WELD LAND CONFIGURATIONS FOR TEST SPECIMEN
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TABLE YI EXPLOSIVE FORM TEST SPECIMEN PLAN

TABULATION
l.Ali
DASH | WELD | MAKE g TY. WELD WELD | GRAIN
NO. | TYPE | FROM DIM. REQD. | METHOD ROD DIRECTION
L——__-_—_i==i=-= — m—:
~0 | S| 4s2dR 4 e 6AL-4v | LONG.
COM—
-1 | -1 f4e2dB L 4 (T MERCIAL | LONG.
. PURE TI
s RPN -6 |4t o2 Ime sAL-4v | Lowc.
i COM—
i - | -6 67004 MERCIAL X
& 13 487000 2 TiG PSR_E AL | LoNG
+0.04 COM--
: -4 i -6 | 4.670 2 TIG MERCIAL | LONG.
1 =0.00 PURE TI
+0.04 ELECTRON
? s | -6 |43 | 2 |BEw - LONG.
N
_ 0.04 ELECTRON
; 16 ] -6 4.67:0.00 2 BEAM - LONG.
i -7 - -2 | - 8 - - LONG.
-18 - -3 |- 8 - - TRANSV,
f -19 - -5 - 8 TIG 6 AL-4v LONG.
3 ~20 - -4 | - 8 TiG 6 AL-4Y | TRANSV.
# - !
. COM .
I -2 - -5 - 8 TIG MERC'AL | LONG.
PURE T
COM—
§ -2 - 4 | - u TIG MERCIAL | TRANSV.
i PURE TI
» ' COM-
~23 - -5 | - 8 TiG MERCIAL | LONG.
. PURE TI
‘ 4 ~ -4 - 8 TIG qEMciaL | Transv.
S PURE T! g
5’ |
3
{
925
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FIGURE 25 EXPLOSIVE FORM TEST SPECIMEN
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UNEXPANDED THICKNLSS - .071 INCH.
R 9'\ /\_ WELD HEAT AFFECTED ZONES
! i// A '
/ ./Ir/
| 1 A
f 'l
\ c T
o \'\ i
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€ ,f
VIEW CC |
ROTATED 90° :
SEAM WELD |
PERCENT ORIGINAL THICKNESS
|
4.0
1
g 3.0 /
& [
o |
z | |
2 20 \ |
[
¥ : \
. 5
& j
» 1.0 \
o ._ | {
) 9 00 80 90 00 80 %0 700
% NON WELD ZONES % WELD ZONE A % WELD ZONE B
FIGURE 26 EXPLOSIVE FORM WELD TEST SPECIMEN — THICKNESS REDUCTION
FOR 12% EXPANSION (SHEET 1) 1
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3. WELD AND HEAT TREATMENT EVALUATION TESTS OF TITANYUM GAL-LV ALLOY
a. Test Bpecimens

Tensile coupons were type 211 given in Pederal Test Bpecification
151. Tests were conducted at s strain rate ol .005 in/in/sec. Coupons were
cut from flat sheet, butt welded by the methods given in Table VI and Fig-
ure Z7. Bpecimén numbers -2, -3, -lib, -12b, -2m, -3, D-1 and D-2 {Rs?.
Figure 28) were received in the solution trested conditinn. Hest treet
procedures used in preparing test specimens are described in Table VII.

Argon protective stmosphere was used. Specimen numbers MPA-1
and MPA-2 (Ref. Figure 28) were obtained from mill annsaled stock.

Specissns for metallurgicel evaluation, oumbers llv and 12w of
Figure 29, were cut fram explosively focmed test cylindars. Specimens
-20c and -~214 of Figure 29 vers cut from flat tensile coupons.

b. Test Evalustion
Jtudy results of GAL-LV titanium veld evaluations are as follows:

Sections of flat “ensile specimens and explosively forwed 6 inch
dismeter test cylinders (8; expansion) were cbtained for metallogreaphic
oanination of the wveld beads, fusion zone, and heat affectsd areas. Samples
vere prepered from veld joints made vith commercially pure apd GAL-bY
titanius alloy filler vire.

Evaluation discloscd specimens cut from explosively formed cylinders
had vider heat affectsd and fusion sones due to inadegusts contact vith the
copper backup bar. A potabls reduction of tone width ies showp for flat aheet
tensile specimens vhere intimste coptact with the baclup bar g ovided good
chilling. Camparison of Figure 29 sheet 1 vith sheet 2 apd comparison of
Pigure 29 sheet 3 vith sheet & shows GAL-LV filler wire provided s more uni-
form grein size distribution across the weld, finer grains vithin the heat
affected zone, and greater ductility than the cammercially pure filler metal.

c. Test Rewulits

As a result of these test and observations dnrtn”explouu fam
test, 6AL-4V alloy wveld rod and annesl tespersture of 1500°F vas selected
far study bardware. Dotail instructions co weld and hest treat processes
vere written and issucd in ITV Engineering Department Specification Code
11813, No. 308-17-6.
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FIGURE 27 TITANIUM WELD EVALUATION CYL!NDER AND
BUTT WELDED SHEET
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4. STRUCTURRL MOCKXIF TES?S
8. Structural Mockup Design

The structural mockup was designed to provide a means of messuring
radis) deflection of the enginsering model Class (I-II) sbell under band pre-
load. An actual expicsive formed shell componsnt was fitted with a spindle
and four internally located dlal gages. The gages were supported from the
spindle at 50 dagree angular spacing, with radial aligmeent of sensor rods.
The sensor rods ocontscted the inside surface of the shell at the center-
plane of the NODE. Acces» holes were provided through the spindle end
phtn $0 allow initial setting and reading of tha gages at any dand winding

. (hef. Figure 30)

The method of mounting the shell on the spindle allowed frea de-
flection of the IKDE area. Consequently, the mockup alao served as a test
structurs for observing any exceedance of shell duckling strength under bdand
preload.

b. Test Procedure

A winding tensioning schedule was prepared for end conditions of
15,000, 25,000, 35,000 and 40,000 uniform pretension. Deflection resdings
were called for at sach 10 percent increment of area. JFor this purpose
trial runs vere made to estabiish the number of turns to build the ring to
full depth. A photograph showing the winding setup is shown in Figure 3l.

¢. Test Regults

Defl~ction readings of the dial gages was converted to strain per
psi of norm:l band loed, which wes known from tive filament tuwrns at
known tensions. A foundation modulus of 3.49 % 107° (in/psi-normel) was
Qetermined for the Class I and II shells. This value was in excellent
sgreement vith calculated value by the PEIS computer routine.

There was no indication of yielding or buckling of the shell under
the constrictive band loed fyom & 40,000 pai winding tension.
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FIGURE 30 STRUCTURAL MOCKUP SPINDLE FOR CLASS I-1l VESSEL
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SECTION V
PABRICATION

1. EXPLOSIVE FORM PROCESS
a. Tebrication of Die

The explosive form die was designed as en inner split famale die,
an external cylinderical case and two end loading collars. All parts were
machined from heavy wall steel pressure vesssl tubing of SAE 335 PL alloy.

The split die was intermally machined to the contour describded in
Figure 9. An interference fit betwecen the external surface of the die snd
its resireining ocsse was assured by a two degree dismstrical taper. Axial
preload of the cylindrical titanium blank was provided by sixteen balts
through each collar and thresded into the end faces of the case. Ry means
of prescrided dolt torques, a controlled compressive force was developed
batween the collars and the end facea of the cylindrical blank.

Early trials ahowed a tendancy to over-form the node radius., The
r 1al prelozd on a partislly forwed part caused an immrd redisl losd at
the nodal plane., This errect was negated by instailing an iotermai suppori
ring in the nodal plans. Ring installation was made after firing the second
explosive charge.

b. Forming Procedure

Beginning of the axplosive forming operation is shown in Figure 32
as the placement of the cylindrical blank into the split dle. Mgme 33
st & the die sssemdled and in process of end loading the cylin-
dri. blank. FMgure shows the primacord explosive charge suspended
alaz e cylindricel axis. Aa explosive formed specimen i1s shown being
resoved from the die in Figure 35.

Yoruing was accomplished in three stages. After each firing, the
snd loxding dropped off since radial expansion caused shortening of the part.
Btagin,_ “he foraing operation sllowed retorqueing to mainteain a high end load
during the upplication of the explosive pressure wvave. Optimm procedure
was found to be 75 foot prounds of bolt torque and an explosive charge of 50
grains per foot. The part was annaaled after each firing.

¢. Inspection

Distribution of wall thickness in the completely formed part is
given in Pigure 36. Maximum reduction occurred in the seam weld. X-ray and
dyc peretrant inspection disclosed several half inch long cracks in two of
six parts, within the fusion veld zone inner surface, at the location of
mcximm expansion. In thess cases the cracks wers approximately .005 inchea
deep and vere removed by localised grinding end polishing. Pinal ground
thickneas exceeded minimum thickness from forming so repair by local re-
weolding wvas not required.
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FIGURE 32 LOADING CYLINDER BLANK iN EXPLOSIVE
FORM DIE
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FIGURE 35

REMOVAL OF EXPLOSIVE FORMED PART
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2. FOMMING PROCESBES
a. Titanium Hemispheres

The 6AL-UV titanium alloy hemispherical end closures for the Class
(I-II) engineering models were drav formed from annealed sheet cut into 20
inch dismeter blanks., For this purpose an existing punch and draw ring was
modified and equipped with gaz jets and manifolds for forming at eievated
temperatures. Oas flames applied to the ocutar diemeter of the drev ring
and pressure plate was used to maintain a 1200°F temperature. A punch tem-
perature of 1000°F wac maintained by radiation from the draw ring and pres-
sure plate. Temperature meszaurement wes made by four thermocouples ai 90
degree spacing in the drav ring and two thermocouples inserted in the top
of the punch.

The draw operation was made in three stages. Three .125 inch
thickk blanks of 201 CRS were initially stacked above the titanium blank.
When the draw progressed to the point of interference between the stock
and the draw ring, the top cover blank was removed and the draw zontinued
to the next position of interference, The cover blank adjacent to the part
was retained through the complete draw in order to minimize scouring of the
titanium surfece.

Maximum thinning of the part occurred at the apex. Variation in
thickness of a typical pert is shown by the measurement survey in Figure 37.

b. 17-7PH Steel Hemispheres

The 12 snd 17 inch diameter hemiapheres for the Class III engineer-
ing model were dxaw formed from annesled sheet at roox temperature. The high
ductility of annealed 17-7PH material periitted complets drav in on2 stage.

¢, 17-TPH Nodal Section

The nodal aection was stretch formed at roow temperature. Due to
the small dismeter of the part, the grips of the radial-driv-form machine
interfered with each other at 1LO degrees of segment angle. This machine
limitetion required three segments to meke up the 360 degrees of the nodal
section.

3. WELDING METHODS
a. Titanium

All titaniun welds assembling the Class (I-II) vessels were in ac-
cordance with MSD-T Engineering Specification Code Identiflcation No. 11813.
6AL-4V titanium velding wire vas used in all joints. Specisl holding *4x-
tures wvere fabricated fnr adaptation to an automatic TIG walding machine.
Thege fixtures pruvided copper rings and sa internal inert gas stmosphere.
Weld schadules were estsblished by trial welds of real assemblies and
evaluation of welds by x-ray and dye penetrant inspaction and metallurigical
measurement of the heat affected zone.

78

[OOTESREN by




SIDE
VIEW

0720 (8-8%)

07250 c-cy @ ®.0730

e 627 ® .07V

FIGURE 37 THICKNESS SURYEY OF DRAVY FORMED PART




b. 1-THEStel

ALY :b--’ a-““:: eena nand m “‘ !‘*__h_ _‘-.-h' !t.‘.leg!

steel rod in accordance with specifiontion WIL-¥-8611. Special fixtures
were uged to provide Jimensional sligmment esnd au internal inert gas atmos -
phere (Ref. Figure 38). The assembled shell is shown in Figure 39.

¢. Weld Inspection

Titanium and steel weldments were insoected to equi/rlent require-
ments of acceptance specification MIL-R-11-486, Weld Standard II. Since all
-Fhaoe T hardware wvas vy test Tyilpomms, mutoceammorrw
enginserivng exsminasion and notation to um their eonlidmt:lon during
evaluation o2 Lest results.

mutmmmmtlmmmmatmmwnmu
II Vessel Joint with a wound dbard in place:. Temperatures dsveloped at the
band location were given in ™ ure 0. Toi+ st proved feasibility of
welding prewound modules.

4, ¥WINDING PROCEDURE

a. Winding Equipment

Reinforcemsnt bands were worald with 20-end 8901 filament glass at
a constant 20 1b, tension. Thig corresponds to & filmment tensile prestreas
of 37,000 psi. Tenaioning loed during winding wes controlled by an Entec
Model 728 electrical controlled tensioning device.

b. Class (I-IX) Engineering Models

A special winding fixture was daveloped to provide aide plates so
the angled sides of the band could be wound to finished dimensions. This
winding set up is shown in Figure 41. A finished machine cut was made on
the outaide surface after cure in order to provide a conceave surface to
finel dimensionas.

e, Class Iﬁ

This bank wvas wound in two steps without uce of molA plstes. A
Tifty percent excess of filament wraps vas required to provide a leveled
111 of sufficient dapth to allav machining a conceve gurface to-final
dimension. 7o avoid risk of buckling the ahell under the high culmative
preload of the total wraps, Ralf depth wag wound and cured before winding
the remainder. !howmomuoni shown in Figure b2,
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The ocbjective of the test vas tc msasure deflection and strength of
S8PY Engimering Models.

2. IEST SMCHENs

Specimens consist of two Class (I - II) Engineering Models and two
Class IIT Enginsering Model pressure vessels. The Clase (I - II) Enginsering
MNodel wes made of GAL-4V titaniun with & 8-901 fider glasas filament wound
band (Ref. Pigure 43). The Class III Engineering Mocdels were made of 17-7 P
corrod 1o resistance ateel with the 5-901 filament bard. Series I and IX
in the "-llowing discussion designates thoe order of vessel manufaciurs for
each class.

3. TEST SEIUP

An optical comparetor waa used to make point and profile deflection
measurcaents. This. machine projects a luw power magnification of tha test
specimer. profils and i3 equipped to messure deflection dirplacement by use
cf a verticel end horizoatal micrometer drive of the test specimean support
base. The apparatus is shown in photographs of Pigures kb, 45 and U6,
fydreulic fluid was used as a pressurisation medium.

L. TEST PROCEDURE AND REISULYS

Each vesssl was proof tested prior to placement on the comparator far
deflection meazurementa. For safety purposes, vesgeis were proof (osted to
pressures 300 to 400 psi greater than maximum pressure 4o be applied during
deflection measuressnts.

a. Firet Soacisen

The Engineering model designated Series I, Class I, failed during
proof test on 19 June 1967. TYest preassure of 1500 psi was sustained for
30 minutes. The test proof pressure of 1630 pai ves then surtalned for
20 minutes, at vhich tine the vessel falled. Matlure occurred in the weld es
shown in photographs of Figures k7 and 48. MNetallogrephic exsmination and
hardness traverse survey of the wald determined fullure was due to atmospharic
contamination of tae wald. HNHeardness readings indicated gross atmcspheric
pickup of oxygen, nitrogen and pussibly hydrogen due tc ioss of inrt gas
shielding.

b. Second Specimen

Engineering model Series I of Class III waz tested on 21 June 1967.
During proof test pressurization at 200 psi, an ebnormlly ssall increase in
preasure with each punping stroke was charscterisitc of shell fajlure under
the band, although leakage was not viasible. Pressure was astabilized after
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FIGURE 44 TEST VESSEL POSITIONED ON OPTICAL |
COMPARATOR

FIGURE 45 MAGHIFIED IMAGE OF TEST VESSEL BAND

FIGURE 46 MAGNIFIED IMAGE OF TEST VESSEL
PROFILE AND ADJACENT NOTCHED SCALE




FIGURE 47 FIRST TEST VESSEL AFTER BURST
FAILURE

FIGURE 48 LOCATION OF INITIAL FAILURE IN FiRSY
TEST SPECIMEN
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buildup due to blockage of flow through the fracture. At 1200 psi ths fluid
began to leak from underneath the band. Examination of the vessel (band ‘
removed) disclosed a half inch crack acrose the weld joining the 12 inch i
schere to nodal band. The crack vas normal to the circumferential direction -
of the band. Attempts to repair the failure by welding were unsuccessful.

Teats were diacontinued.

c. Third Spacimen l

The Series II, Class I was teated during the period 23-28 June
1967. This vessel was first proof tested for 30 minutes at 1500 pai.
Following this proof, the vessel was taken to the comparator for deflection ;
measurements, at 1200 psi. Deflections of the bend and maximum sphere
veres measured adjacent to the fiber giass band. The viewesd section extended
a distance of 1.5 inches along the sw-face of the sphere. Measurementa were
converted to strain by dividing deflection by the original diameters. ;
Pressure vs strain is plottcd in Figure 49, sheet 1, 2, 3 and@ 4. A second
proof test pressurization to 1800 psi was next completed after which profile
deflection meazurements were made up to 1500 psi. A plot using this data
is given in Figure 50. A finel proef teat to 2200 psi was then carried out,
"ollowed by deflection measurements to 1800 psi. Test results are given in
Figure 51, sheet 1 and 2.

In the subsequent test, pressures were increased to dete=rmine
burst strength. Burat fuilure occurred at 2760 psi. Predicted burst failure
vag 2800 psi vased on measured minimum wall thickness and weld strength
reduction at the origin of fracture. The point of fallure wus at a welded ;
preasureufitting. Photographs of the feiled veasel nre showr in Figuras 52,
33 and 54,

d. Fourth Specimen

On 10 July 1967, the Series II vessel of Class III failed at
920 rsi, during proof test pressure., Failure was confined to the circumferen-
tial we d joining the two larger hemispheres. The nature of the fracture, ]
shown in Figures 55 and 50, indicated weld embrittlement.

e. Fifth Specimen

The feiled Series Y, Class III vessel (ref. paragraph b above) |
was salvaged by cutting out the lesiing nodal section and welding the segment :
together to form &n angular Jjoint. The veasel was heat treated $o the

1075°F condition fallowed by rewinding the reinforcing band. Burst test

was conducted on 25 August 1967. Failure occurred at 1300 psi and appeared

tc initiate under the band and progressed to the great circle welds of

both segments. All fractured surfaces indicated brittle material properties.

f. Sixth Specimen

The Series II, Class III vessel (ref. paragraph d above) was
repaired by rewelding the failed great circle weld in the 17 inch segnent.

91




PRESSURE LOAD, P (LB/IN3

%0
1000 -
300
00
9 NOTES:
1. PROCF TESTED TO 1300
PS| BEFORE DEFLECT ION
MEASUREMENTS TAKEN
2 2 VERTICAL DEFLECTIONS ONLY
0
0 01 03 ) 004 005
STRAIN, « (IN/IN)
PRESSURE 0] 400 | 80 | 1200
BAND DEFLECTION 1 0 | oos | .ot | .02
STW A o Um“s vm uw‘d‘éj-

FIGURE & PRESURE —-ﬂ':llll RELATIONSHIP OF AND

RD SPECIMEN (MBI T 1)

9%




1400
1200
& '°°°1L
z
. ~
-]
= NOTES:
o —
o 0 \. PROOF TESTED TO 1900
g PSI BEFORE DEFLECTION
3 MEASUREMENTS TAKEN
w 2. VERTICAL DEFLECTIONS
x 600 TAKEN AT MAXIMUM -
3 DIAMETER
w
x 1
o ki
o0
. |
A i
| 0 b
i 0 001 002 003 004 .00S B
|
STRAIN, «(IN/IN) 4
| | B
e PRESSURE 10 ] 400 | 800 | 1300 |
) SHELL DEFLECTION|{ 0 | .003 | .00s | .009 i
STRAIN o_| .0008 | 001 | .c018)] o
PMIGURE 4 PREISURT - STRAIN oF SNELL
| oL HIGS (SHEET D)
N




T pr——

T e — A Sy ——p——r—

, P {LB/IND

PRESSURE

1200

1000

o

i
|
1
. f i
|
i
i
|
NOTES:
1. PROOF TESTED TO 1500 PS| —
BEFORE DEFLECTION MEASUREMENTS
TAKEN
2. VERTICAL DEFLECTIONS ONLY ] :
B
1
i
[ .0} .002 ) 004 005 006 007
STRAIN, ¢ (IN'N) N
B
MGURE 9~ ARAMURE = TYRABE RELATIONSNP AT BAND AND SHELL
oo THIRD SPECIIN (SHEET 3)

(i s




PRESSURE LOAD, P (LB/IN%) -

1200

1000

NOTES:
\. PROOF TESTED TO 1508 —

PSi BEFORE DEFLECTION
MEASUREMENTS TAKEN

2. VERTICAL DEFLECTIONS ONLY

3. DATA TAKEN %0° FROM
ekl 3 WVAIN

001 . 002 .003 004 005 Q06 007
STRAIN, ¢ (IN/IN)

FIGURE 49 PRESIURE -~ STRAR RELATIONSIIF AT BAND AND SHELL
INTERSECYION THIRD SPECIMEN (SNEET 4)

N
U
B

i

i

i

i el e ik o e




o

PRESSURE, P (LB/IN 3

1400

uo*re:

. PROOF TESTED TO 1800 PSI
BEFORE DEFLECTION MEASUREMENTS _ |

—

ﬁl 002 003 K 008 006 007

" PIGURE U0 PRUSIRE YERSNT-ATRAN AT SAND AND SHELL
INTERTECTION THIRD SPECUMEN

%

ke

o m tha b ©




TeTTTTTTTTTTTm e e - P e

3 ]%
‘ . 8, wor
f 14004
o0 10—
N0
NOTES:
22,500 -

P (LB/IND)
g
7

_ma

STRESS, F (LB/IN D

PRESSURE,
s

L

g
;T

1. PROOF TESTED TO 2200 PS! BEFORE
DEFLECTION MEASUREMENTS TAKEN |

2. VERTICAL DEFLECTIONS ONLY

3. STRESS VALUES CALCULATED ON —
MODULUS (E) OF 9.0 X 100 PSI

3

11,250

- .u ‘ -m \m . .m -m .W
* STRAIN, ¢ (IN/IN)

f FIGURZ 51 STRESSAND P RE VI’SUS STRAIN IH BAND
THIRD SPRCIMTIN (SHERT 1

97




1
b
i
b
1
b

~}

1900

L]

s

oo '

Y . , o

R . ! ¥ : ?’f

r “ A, o - T REL 3Y S N LN
¢ 13 - B

o b 3 '
Ex R il Y. e e

i {

FRENSUDE,

s N S
! . : ! NOTES:

0,000 2 SO L b R .3.” -+ 1. PROOF TESTED TO 2200 PSI
€ , BEFORE OEFLECTION
U R MEASUREMENTS TAKEN

A Rty

US OF 24 X 100 PSI

13,20 L £

2. VERTICAL DEFLECTIONS TAKEN
- W0 3. STRESSES CALCULATED BASED —1
/ ON MODUL

me—

om 002 003 004 .005 .006

STRAIN, ¢ (IN/IN)

FIGURE S! STRESS AND PRESSURE VERRIS STRAIN OF MAXNMMM
SHELL DIAMETER THIRD SPRCIMEN (SHEET 2

98

.007

L ek .. —mi——n as

et edim i e




-

e (Ao

e
.,

«
e &{‘J .
X REEEE

-
- - . :

v
~

FIGURE 52 THIRD SPECIMEN AFTER BURST FAILURE

FIGURE 54 THIRD SPECIMEN FAILURE ARREST BY
REINFORCING BAKD

EE TR




FIGURE 55 FOURTH SPECIMEN AFTER BURST FAILURE

FIGURE 56 FOURTN SPECIMEN CLOSE-UP OF FAILURE
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It was then heat trsated to 1075 condition and rewound. Burst tast was
conducted on 22 August 1967. This test was intended to evaluate dirferences
with and without nodal section. However, failure occured &t 1000 psi by
brittle fracture of the repaired Joint.

5. EVAIUATION OF TEST DATA
a. Shell Remote Prom ,and (Class I - IT)

Test data was applied to reconstruct design conditions shown in
Figure 37. The soilid yortion of curves 1 and 2 sre based on test measure-
ments reported in Figure 51. Curve 1 of Figure 57 shows an elastic stiffness ;
parameter ( £ 5/f = 17.5 x 100). When this valuc is fitted to design ‘
formulae:

8
f = @8 = R = - -5
e/ Sy s 17.5 x 10

An apparent average shell thickness is calculeted as:

t = £ = .0715" (Average
( 2 x 17.5x 24 ) ( ge)

This 13 in agreement with measured thickness2s given in Figure 30. An average
o 100 percent of naminal (.070 inches) is reported exnept for a localized i
zone near the weld seam. Test measurements were made for a diameter 90 degrees i
to the weld seam. i

™e extrapvlated portion of curve 2 is based on typlecal 1:1 biaxial
strets strain velurs for a local thickness of .060. This would predict a !
burst pressure of 33735 psi, neglecting weld effects which correspond to a ‘
proof pressure of 3375/1.5 = 2250 psi.

‘“he weakest point is located at :he welded port fitting. ©Shell
thick.ess «t this location was measured as .060 inches (Ref. Section V),
Applying e weld reduction velue of 135 ksi = .8. Predicted burst based on
enalyses is then: 168 kai :

p = .80 x 3381.7 = 2705 psi
This agrees with a méasured burst pressure of 2760 psi.

b. Band (Class I - I")

e i, -

Extrapolating of curve 2 to burst load (point A) shows a meximum
measurable steain of 13.75 x 107¢, This corresponds to an increment band
strery of 123,750 psi Total band stress must include the prastreas of
40,000 (Curve 3) introduced by filement tension control during winding. Tcta’
pand siress at burst is then 163,750 psi which is in good agreement with the
171,600 rsi based on analysis of Section IIX.
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c. Shell local To The Band {Class I - 1I)

Curve 3 of Pigure 57 shows strain relation betwesn the band and
the underlying shell. Py is the pressure at which F, loading of underlying
skin is cancelled. The slope of the measured bvand strain versus intarnal

pressure is:
€o/p w09 x 1077

A bvend preatress of 40,000 psi relates to a prestrain of:

[ = 4O si = LUk x 1073
EP 9x P

Then
P = L.bbx 103 . 1085 psi which is shown as point B on
o .09
Figure 57.

Underlying shell stress at proof pressure is found by projecting from point
(D) on curve 3 to the equal strain point (E) on the shell curve 1. Then
projecting horizontally it is shown that sheil stress at proof preisure is
less than yield value.

d. Evaluation of Test (Class III)

Data {rom Class III vessel tests allowed no conclusion on effects
of the SSPV features. The Second and Fourth Specimens had been heat treated
to 1050 condition which corresponds to a biaxial ultimate tensile strength
of 230 ksi. Maximum sustained pressure (without leakss ) was 900 psi which
represented 24 percent of ultimate tensile stresa for the shell. The repaired
specimens were heat treated to a 1075 condition which corresponds to a biaxial
ultimate tensile strength of 210 ksi. Maximum sustained atress was 38 percent
of ultimate. In all four teste (paragraph b, d, e, f above) extreme notch
sensitivity of the material and the presence of minute manufactured flaws
masked any significance to SSPV features. No further attempt was mede to
improve performance of the 17-7 ph steel since it had been planned to replace
it in phase II with the GAL-4V titanium.

6. CONCLUSIONS

This evaluaiion of test data on GAL-UV titarium designs show SSPV
structurel charscteristics can be accurately prediced by the design procedure
of Section VII paragraph 3.

Good agreement between load deflection data and theory shows strain
compatibility objectives are gatiafied by the derived deaign methodology.

Annesled HAL-LV titanium SSPV shells will sustain burat pressures
corresponding to material ultimate stress when [abricated to developed
manufacturing standards.
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This criteria furnishes design aids on seguented sphere pressure Bei
vesgels. [Effects and interactions of SSPV design paremeters are described
by darivation of methodology analyses of variable parameters and date i
preasntation showing design trends for meximizing structural performance. i

Deaign parameters on mechanical and geometric propsrtiss, pertinent to
the S8BFV structural performance, are combined when term consolidation better
defines the real deaign optiona. 3

Date handling ia simplified by general use of non-dimensional terms.
Developmant of theory and paraister evaluations are tredted under three
categories of methodclogy:

° Mathermaticel Models on Prescure Vessel Efficlency
o Mathematical Nodels on Band Optimization E
o Stress-atrain Analyses of Band and Shell Composite Structure iR

2. MATHEMATT.CAL MODEL FOR DESIGN PARAMETER OPTINIZATIOM(DFO) !
This mathematical model (DPO) is writien as a digital computer routine.
a. Generalities of Method

Effects of deaign variables are quantitatively rated by use of
the preasure vessel efficiency index:
<~ Pg ¥

T & (2.1)

Msubrane analysis applies to the extent that bending stresses are
sssumed to be ﬂ.gligibl‘. ggﬁgvggi the binxial strass state 2¢ 2ll losds

L R KRN - eV

for the shell underlying the band i3 based on strain compatibility inclusive
of Poission's affects, that is:

E ba.eb (2.2) i

Given a set 'of quantities for chell and band materials and a set for i
H

T ks o b s o o < e

S8PV gaomatry. depsndant variables need be determined for minimum dband
weight. These depondent variables are:

° “end stress at burst pressure i _i
o band stress at se¥»o nressure
o] bend cross section ares

7 = "




= #w-
¢ The fllamant tanstening stress during visdisg of A 2 Sand

MMMumwwumd
the roving or bduckiing of the sbell.

] b :
S, A_? (2.3)

o T™he band stress at dburst pressure, dased on strein comgati-
bility condition, must not excesd the bund ultimate stress.

eri?

B U (2.4)

o The band strain at burst pressure must not nxmod' maxioum
elongation of the shell material.

v 8
EB‘ eu 4 (2.5)

o The shell atrass at proof pressure must nct exceed ahell
aaterial 1ield stress.

8 8
Tk T, (2.6)

8d 8
o‘.P “'!

The complete expression for Equation 2.1 is derived in Appendix I
and iz given in Equation 2.7.

£ 8 {2.7)

.0666 (1 +0.5 sm2 o8 )

é+oas —1) +v-l Binaﬂ +05[P3 +81n3/&( ooﬂ‘/:e]
fb

where
b N
Y- - (2.8)
e
The methodolcry in computing sastisfies 0ll doundary conditiona

for losd-strein compatidility between the Band and underlying shell at proof
and bursat pressure. atrnngwnm for the initisl trial ave:
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Ex- EF "€} (2.9)

and

be gBba 8 .

S8ince the stress-strain plot of most filement materials is lineear from xero
stress to tensile failure, this first set of strain points completely defines
the lomd-strain line for the band as indicated by line (a) of Figure 58.

If thia line satisfies the conditiona of lquatton. 2.3 through 2.6 the first
set of atrein points is velid. Otherwise, is Uscarded. For the

case when is exceaded its value ia used tn c lete the sscond trial set
of points defining the new band loed atrain line (b of Figure 58). That

1s: g = €8, E€3P =€ T is on this basis the prestress of the
band at zero pressure is computed. I‘ lquation 2.3 1- violatad a third get
of points is required That is: (1ine ¢ of
Pigure 58). On this basis the nthn b.na stress q- ﬂ computed. The
arrived values of @ o° and U= R are sufficient to defina the band cross
section area. The fiml value for @ £ is enterad into Equation 2.8 for
computation of the pressure vessel sfficiency index ( '!

c. Digital Computer Program

The mathematical model logic described is arranged in Figure 59,
50 and 61 as written into 7090 digital computer routine.

4. Data Mode

In the efficiency comparigons it was deemed advisable to group
parsmeters in 2 manner definitive of real materials. These groupings are
giver in Teble I which also presents the matrix of evaluated band and

shell material.
This matrix also shows the manner of varying other vessel load
and geometry parameters. Theae are: design burat preasure, ratio of design

proof factor to design burst factor and szegment angle which defines the
ratio of band inside radius to the exterior shell spherical radius.

3. MATHEMATICAL MODELS FOR ACHIEVEMENT OF MEMBRANE CONDITIONS (AMC)
a. Generalities
Band cross section, required for strain compatibiliity with the
shell, is diminished with increased band prestress. The upper limit on
band prestiress ieg set by one of the following:

o Maximum tensioning capebility of the winding equipment
o Tenaion causing fraying of the silament roving
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o Buckling strength of the shell under band prelosd
-] Ultimate stress 11 the filament at burst pressure.

An uppar iimit of 45,000 pei tenaiie siress is used in ‘his
atudy for 8-901 fibe.' glass based on maximum equipment capability with 20 end
roving. Trial winding on Class (I - II) and III shells showed fraying and
buckling to be non critical at 40,000 pai and lesser tensioning values.

Independant nf the above limiting conditions, maximum pretension
and minimm band crogs sectional area may be dictated by need to hold band
strain at Design Burst Condition to a value not greater than maximum shell
elongation.

Menbrane conditions as used herein refers to achivemsnt ~f 1:1
biaxial loading and atress levels for all points in the shell rode equivalent
to the pure membrane state in the spherical shell remote from the band.

When the reverse curvature of the node is described by & constant
radius there exists a band pressure which eliminates any stress anomolies in
the pure membrane stute.

An object of this analyses is to establish band dimensions which
achieves pure membrane conditions at the spescific loaa corresponding to
design burst condition. It is at this load that shell struins have lesst
reserve margin for secondary bending stress assoclated with devistion from
1:1 biaxial stresas conditions.

A third design control concerns developed maximum shell stress at
proof pressure. Ninimal band cross section srea objectives are favored by
designing for high shell stresses in the load regime below burst condition.
The upper limit applied herein gives recogrition to common criteria statement
that yield stress shall not be exceeded at proof pres. .re.

b. Mathods

Band pressure "f" is applied over the entire node up to the
limt ¢ where transition to spherical redius R occurs. "f£"is nonuniform
over the angular range in the direction of @

Biaxial 1:1 stresses at level g~ *° =02 = PR g achieved vy
satiafying Equation 3.1 which is derived in Appendir II. 2t

t/p =} (2 + (ol - Cos b
R

% (1 + E) - ﬁ (Cos @) (3.1)

The expression applies to both elastic and plastic strain regimes.
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Validity »f Equation 3.1 is bounded by two geomeiric conditions

5 r/R > 0 (3.2)

/n

- n N
o e v

7
The first condition is defined by:

N

+ 1) (3.3)

{
\

>

i

R

The gecond condition requires that the band-shell interface tiansfers
normal compressive loads - never tension. This boundary ies demonstrated by
the intercepts on Figures 73 and T4 which are discussed later.

L. STRESS-STRAIN ANALYSIS BY DIGITAL ROUTINE (PETS)
&. Generalities

Ideally, the stress strain analysis should develop analy ical
expressions for the stress and strain at points on a reinforced shell as 2
function of the internal shell pressure, reinforcing band preload, and the
geometric and consittutive parameters of the shell and reinforcing band.
Such a complete analysis 1s impossible at present, for it requires analytical
solutions of the differential equations of the problem and no such solutions
are kaown.

In the absence of analytical solutions one must rely on numerical
procedures to soive the differential equations. Thia is the case of the
present study. Unfortunately, analyses based on such solutionas are necessarily

imited in scope. The purpose of this section is to describe, in a general
way, the method and limitations of the present analysis.

The basic methud is to obtain separate solutions for the band
and shell and then to combine these solutions by means of a competibility
relation. The result is & solution for the reinforced shell. Obvinusly, the
value of the final solution depends upon the compatibility relation as well
as the component solutions. The digital computer routine used to obtain the
solutions for the unreinforced shell is discussed in paragraph b below.

The band to shell compatibility conditions are presented in
Appendix III. Paragraphs (c) and (d) below describe the scope of the
elestic and plastic analyses in the context of the present application.

b. Methods

Solutions for the unreinforced shell are obtained by use of
digital routine "PETS" (Ref. 4), a variatior of the LASL "SAD" code (Ref. 5).
In turn, the "SAD" code ia based on a digital routine develaped by AVCO
Research and Advanced Development Division, Willimington, Massachusetts (Ref. 6).
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These routines are devoted to the solution of tle general differ-
entisl equations of equilibrium of thin shells of revolution subjected to
rotationally symmetric pressure and temperature distributions. The motiva-
tion for selecting the PETS code over competing solutions using finite
cylindrical and conjcal elements is that it yields a better mathematical
model of the preaent problem. In particular:

0 The PETS family has versatility comparable to a finite
element approach in that it considers multi-regional
shells - a "Region" being defined as a portion of a
ahell which contains no discontinuities in loading or
geometry. Regions are joined together by appropriate
"Junction" conditions.

o The integration of the differential equations is carried
out for each region by a finite difference approach with
~ prescrived integration interval on an arbitrarily pre-
s 'ribed middle surface generator (Ref. & and 8) (equivalent
to a finite element of arbitrary curvature).

o) The SAD and PETS veraions have the capability of devel-pning
internally the geometrical date for regions generated by
straight lines ?cylindricul and conical elements) and cir-
cular arvcs.

o Finally, the PETS code allows one to prescribe the genera-
tor of the geometrical middle surface and thickneass of each
region in such a way that the generator of the geometrical
middle surface of the complete configuration of interest here
(composed of circular arcs) is a continuous curve vith a
continuously turning tangent and the thickness is & contin-
uous function of the generator’s arc length.

o This feature eliminates apparent stress concentration due
to imperfections in the geometrical gimulation of the unde-
formed configuration. This i8 particularly important in the
present analysis, since its primary purpose is the evaluation
of the secondary (bending) streeses in the vicinity of the
reinforcing band.

c. Scope of the Elastic Analysis
For the elastic anglysis, it is assumed that both shell and rein-

forcing btand are perfectly elastic for all values of internal pressure up
to a well defined yield pressure, Py. It follows therefore that Equation

(4.32) of Appendix III, relating the internal pressure to band pressure
holds from P = O to P = Py and can be rewritten in the form
E
L.
£(P)=ky Pet, (L.33)

where fo is the pressure executed by the band where P = O and kf is a
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constant given by

A8
- P

LS TR.Y.
' £t (4 .34)

I, addition. one can determine the stress, 0"8, st ary peint in the shell
by means of influencs coefficiente defined at that point. That is.

~ 5
ol - wf (p) - raere, (4.35)

pressure P, and @ 3.denotes the stress at the point due to & unit uniform

&
Where @ p’denotes ;hc stress &t the point due to & unit uniform internal
external pressure. £ spplied to the band-shell {.terface.

For & compatible band and shell, Equations (b.33) and (L.35) ere
combined to yield

8 8 E 8
T e T (PK +1)T g0 (4.36)

So that the stress in the shell iz a function only of the internal pressure,
P, snd the value of the pressure, fy, exerted by the band on the shell
initially (i.e., when P = 0).

The stress is ir the reinforeing band, B’b is assumed to be
uniform hoop tension resulting from the spplicetion of a uniform pressure,
f. Explicity

=b
T: -frgv-f ( SR)
Il (4.37)
Where Ab is the cross sectionmal &rea of the band, and 8 and Hb meanurs the

length end distance from the axis of symmetry of the band chord. The
corresponding uniform hoop strain of the band is

b . b .e (8
Ee¢=t - (-s"sz . ) (4.38)
Where Z° ig ths elastic modulus of the band.

Since the hoop strain in the shell at point "A" (the low point
of the rode) under thig aasumption ic

A8
o " pe\g,+ ? £ :513’, (& 39)

one can combins Equations (L4 37) and (4.38) and the strein compatibility
Equation (4 25) , to yield, for the conditions at P » 0,

- E-/(E:r € -q.bo/(s'i"/s‘), (4 40)

£

(-]
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Equations (h.36), (b 3.), (b 38) end (k Ls) define the :tate of
stress in the ghcll in terms of the shell pressure, P, and rein orcl g band
prestresse, @ ° Thin is the form in which the euuations are 1sed in the
design procedures described in Section VII,

nefficients for the stresmes and strains in the
shell are determiqed by urit analysis of the unreinforced shell under the
appropriate loeding condition using the Aigital routine described in
Appendix III. For cxample, the coefficient £ 3;, is obtained directly
from the numerical solution of digital routine PETS for the problem of a
shell of the particular material and geomeiry of interest losded by a
uniform internal pressure, P. The coefficient Ei .b i3 obtained in the
same way for a uniform external pressure, f, acting S; the band-node

interface.

The influerce cone

Exemination of the squations of equilibrium solved by digitel
routine PETS (References 3.4) make it clear that although one can combine
different solutions for the ~eme shell, one ~annot {ndiscriminately super.
imposs on the solution of a standerd problem, the effects of variations in,
say, Young's moduluy and shell radius, to arrive at a meaningful sslution for
a new provlem For while Equutions (4 3) end (L.L) of Appendix ITI arc
linear differe~tial equations. they are not linear in the geoustric and
constitutive parameters of the shell - so that in general, their solutions
will ot be linear in these parameters.

This is obviously a severe limitation, for it requires s completely
ngv analysis for svery change i the geometric and constitutive parsmeiers
of the shell As s result, tia derig: data pregented in Bection XI) are, {n
general, mesningful only for the particular configuration and material for
vhich they vere computed. There is, hovever, one exceptiomal configuration
for vhich limited generaliza’icns ure possidle.

In particular. it was found that the stresses in a configuration
employing identicel spheres are independent of Young's modulus, E. iHence
the influence furictions relating shell stress to internal aud band pressures
(P, £) are ths sams for a given configuraticn, regardleas of the value of
L, and the strain i{nflue-ce functions for this configuration are inversely
proportional to E. It follows tha: the stress-strain relations for a gilven
family of shells is determined providing these relations are knosn for one
value of E

Of even grester importance is the existance of a pure membrane
state of stress in the identical sphere configuration. That is, it is
possible to find a velue of the ratio f/P of band pressure to internsl pressure
at which a pure meabrane state of stresas exists Moreover, the stress in
the configuration under this condition is the seme as that of a single
sphere (identicsl to one of component spheres) loaded only by the internal
pressure.- P. Explicitly, st the critical vealue f/P, & uniform "hydroatatic"”
two dimension state of stress exists (ﬂ". - Q’? w g 5), and the mag-
nitude of the stress is

a’.mpet. (b 1)

d
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If the meterial 1is linesr eud isotropic, the streaing sre gi.en by
- 1 -
ii" r (T 9 cr} ) fi, (Cr‘ i‘ ) ‘
and it follows thet (T -q w <I ) > £. " EY - ES}, l

where

8 . 8
E '.(l;g.u T S (14,543}

! o] Scope of Plastic 8train Amalysis /

/

A general plastic analyzis of the segmented sphere configuration

is not attempted here. On the contrary, this analysis epplieg only to t i
indi-1dual sphare configuration and amounts %o an extension of the elastic
enalysis by another linear analysis which also satisfies the tard-shell
compativility relations t

It is assumed that the shell material has & stress strain/curve
such as is shown in Figure 62. The values ( Oy, € y), (F y, Ey)
refer to the yield point and ultimete atress conxitiona respsctively/ for
the pure biexial state of stress

£ (-u¢ (kb))
T

The li~ear constitutive cerameters (E? 1), (E 2 Wbzl -

(E i ¢@3) a2 called thl chstic. reduced, and plasfic modull respeltively.
i For afmplici Y, we tare Pt ? i ‘In this case, the influence
coefficients for tha she com-u nﬁim t ¢2 and E P31 are iomediately .
determined from those of E ¢1 ' I

It {s valid to repressnt the band as remainiug elastic up to ite .
ultimate stress. It is therefore elastic up o ultimate strength of the
ghell Thus, if the yield point in the shell actually occurs in ¢« membrane
wlate, then £/P = £y/Iy and the bard preesure interral pressure plot will
have the form shwu in Pigure 63 Thet is, in the elastic renge.

B -
P Y (b u3) i

and in the plastic range

) t* s Py (1.46)
where k3 is es in Equatien (k.33), ’ §
» 1 4 v
ety PYar-py (4 L7) !
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With this result, the stress, strain and displacement in the piastic
state are o.tained by superposition of the valuis obteined for f", P"
from the plastic irfluence coefficien. > the velues of these parameters
for fy, Py ‘rom the elastic coefficients For exemple

gl T e gl (4 4B)

g£° - €, & i.E¢3+ f"E‘f_‘E¢3

I the shell is not in a membrenc state at the onset of yleld-
ing, then the compatitility condition, Equation (4 &6), does not hold over
the entire plastic range Rether, Equation (4 46) holds oniy for pressures,
P, in the range Py & P & Py vhare Py is the pressure et vhich the shell
becomes fully plamtic, end Pu is the ultimate Sressure

One cen still use & l le cm:l.ylh. however, by vworking from a
fully plastic membrane siate . ’ ) denote such e
state. Bince the value of Z/F ror t.hf ;-m .é:u 18 indepandent of E,
ons wist heve

f' /P{ - ¥/F, (L.49)
DL hen2 chel) sompstibility segvdses
rF - rJrf . X, (4.50)
where ko corresvonds to the reduced modulus Ef :
ko = e e (L s51)
- A 8
E«‘ @ 4
Hence,
f (L. s52)
2 = 3 e
r - o
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Now “he stregs and strein in this membrane state are given by
s . 8
W =Pp (T 41T (b 53)

C s P (&8 . 7rF e Se
q rr \blp‘ 1/r c‘ 'f',°

But since this is a pure biaxial state, one must alzo have
= 1-4)
€ £ U (U 38)

80 therefore,

AS
E p’ - (

The reduced modulue, Eg , corresponding to this membrene staie
can be determined graphically (or ey the equivalent analytice) analysis) as
follows: Let the curve O, Y, U represent the strain vs pressure plot for

s single sphere which is identicel to the component apheres, Figure 6L.

Thus points on this curve between O gnd Y represent ideal elastic membrane
straing in a family of multisphere configuretions and points on the segment
Y and U represent idesl plastic strains. let the line A, B, and C represent
the strein va pressure plot of the elastic band which is compatible with the
Caformatisn of the ahells of the family represented by O, ¥ end U, Then
these curves will intersect et the points B and C These points represent
the conditions under which & pure mémbreane state can exist in the reinforced
shell. Once either of these points ie chose, the other one is determined
imwediately from the greph For e given design, point B is determined from
the slastic enalysis end point C fram the graph The strain corresponding
to point C cdefines the rediced modulus E"

~-( g) S
z/l)q. ’Er q-A (" 35

The Z2efinition of the parameters specifying the plastic membrane
condition enables one %to work from this conditinn as e steandard, using
the olastic modulus Egfg. Thus as in Equatls: (4 Lg)

f"' - P"v k3 <h56)

rer.f , P"mP-P. (& 57)

" The stresees. strains, end displacements in the plestic state are

determined as in Equetion (4
TG Tk

€5, er 0. E3tes
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5 GENERAL DESIGN INFORMATION BASED ON DFO ANALYSES
[ ] General

Optimiretio: of desig: parameters was investigated by use of the
mathematical model computer routie described in Section III, Par 2
The value of the apalysis results is to show efficiency trend caused by
changing one or more deaig: variablea These results are shown in the
graphs of Figure 65 thru 72 Efficiencies of segmented srhere vesaels ia
compared with simple sphere vessels for like materiel and load conditions
The generaligzations of these analyses do not accountfor weight increments
from welds and fittings. ‘

b Materiel Properties

The most influential set of design pareameters i¢ contained in
the set of physioal properties describil i an epplied structure. meterial
Figure 335 (Sheet 1-7) compares pressure vessel efficiency expected from
use of many feesible combinetione of shell and band materials, all other
variables bLeing congltant Since there ie no standard design criteria on
the retic of proof to burst pressure. a range of 0 5 to O 66 ig used to
bracket vessel efficiencies sssociated with esch combination of specific
materials. In genersl, the upper limit of efficiency is asnociated with

PP/% e 0.5,
c Band I ressure

The effects of varying design pressure is given in Figure G5,
sheet 1 thru L.

Ir all ~ases the pressure variable is defined as operating presn-
sure and i sasocisted with g design burst factor of 2 25 Lhould the
designer prefer use of burat preasure as 8 varisble, the operating pressure
scale ca~ he converted by simply multiplying its values by 2.25 The trend
shomg decreaging I'ficiency for increasin: deaiygn »ressures

4 Band Prcstress

Flgures &7, 68, and (9 show the effect of band prestress for
several h.ghly efficient material combinetionz Vesae) efficiency alweys
increases with incresse in band preetress Howevar, &«n upper limit on pre-
strese is divuabed Ly vt ol 06 foliuwliig:

° Excessive fiber freyiig from high winding tengions
° Buckling of the ahell under band preload
o "xceeding band allovabls tension stress at burst pressure

The dec.gner will hte required to establish maximum winding tension by
trial ueing materials of interest and shop winding equipment.

Experience of this study showed E-)0]1 filament rlass could be

tensioned to 40,000 pel with the Entec device without freying The
engineering model ahells displayed no buckling tendencies under these

i
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preloads Therefore, & preatress range of 30 to 45 KSI is included in the
graphs as feasible design values.

¢ Segment Angle

A comparison is made in Figure 70 between a simple sphere and
segmented sphere vessels with segment angle (©€ ) epprosching 90 degress
There is no distinction between a aimple sphere and a segment angle of 0.0
degrees Improvement factor shown is the ratio of segmented to simple
sphere efficiency The trend shows increasing efficiency which corresponds
to & uniformly wrapped cylinder However, a buckling cut off is expected
since deterioration of stability derived from the node cusp will prsvent
high filament prestress essential to efficient uae of availeble filament
materials.

Figures 71, sheets 1 thru 3, present quartitative effects of
increasing segment angle as & function of burst pressure.

f. Shell Thickneas Considerations

Shell thickneas may be of interest as an alternate of design
pressure. For this purpose t is normalized with respect to the spherical
radius. R Effect of t/R on the efficiency is given for several shelil
meterials in Figure 72 (sheets 1-4). The results are similar to those in
Figure 66 because of the linear relationship between operating pressure and
the thickness The data ir either the form of Figure 06 or Pigure 72 can
be applied to estimate the effect of thickness tolerance on presasure vessel
efficiency. For example, assum¢ a system has & nominal thickneass t and a
minimum thickness t'. An efficiency T! is found for t/R. However, 'l'z
must be reduced since the actual p:rossure ig limited by ¢'. Then

PV P v &

 — = -T\ ;—

W

'

This dats can also be applied to estimate the effect of (t/R) mismatch
between two segments  For example, if segments. not necessarily of the
same radius, are mismetched such that (t/R); < (t/r)ojthat 1s,P) & Po3
and the design weights of each segment are W; and W2 respectively, then
from Figure 72,’(1 and 1?2 are readily found. Since net efficlency is

PV (1’2"2)( By
“’1*"2). S W WA N

—————————

R=7

Wlll-va 1+W2 l+w1

o
R



FEINS 3145 304 & 20 LIGWIACU M AU NS @ELBNIES UL I A

BYIHS

31dM¢S 805 ASVO
$334930 ~ () ITONY ININOIS JYIHIS o=

08 0l 09 05 or o€ o A

(=4

8.
-

= 44040
ONITIONG

g

3

BOLIYHS LNINIACHMNI




(1 12218) [ 188SZA (QFTVINNY) 1L APV

“4SV1D 1065] TONV SIEWIIS AN ADNB DA 1L RN

SA3U93C - (*) ITONVY LNAWO IS FUIHLS

M 0 ] o 09 0 or oc o n 0
| r »w
5
NOILYI04VH LY 3 ,
SILYANI JAMND GIHSVS. ¥ .
9990=Tu/dv ¢ L4
. 1S4 0c2°0r = 04 T Ia.._T. P
JUNSSdd so— m
| 1SSNT JAVSNDD STAUND I ‘ .!.m
310N . - \ P q , ”
, _, o m
I 3
| 4401 >, I o
| ONIDNE [Cr a9 o
i % -
| Soy a
| o 1 ®
v 4’ -ﬂ m
| o™ 5&% T
| - r O w m
| - «E
T
"
HE
— c&.




AT T hie; ST et o B

" T

 qissfuweEA
600¢8) TRALS MNUIVEVW ~ NONOE] TTONY LNIWOZS SRSUIA XDOW WIS 1L BN -

$334930 - () TIONY LNINOIS NBHIS |
Y o o or €« o e

. NOILYI0dVHLX2 - ,
SILVIOM AN GIHSYA ¥ B IS S

pubidhy ol | | L ;I...
1S4 000'0r =04 7 . , . H -
RNANSSIYS 5N

 1SUNN FUVGHOD SIABND 1 . : L O

SILON| | - | - |

&
%
. FO 3
3
o
‘i"i";".‘ nL e

E
i
2
3
i
i
k.
¥
X
.
&
.. 45
¢
YA T
. -
- i “!J«‘ﬁi

(
o
&) x30M AoN3I

i

.

. 1 B BETPN S
44040 : : ki T - o

oNTONS g ‘ .

1}

*
¥
ha e
-

o
Pomnsry

LDt AN et et ot . - b i e ay S g
— oan L i
i




it s aliaac] RusualbNE of

S t¢ 12308) [INISAA (GATIVIIN) L2
Ay-1¥9 - LGNV 114 HOUOR) 3TNV LNBRIDS SAEUERA KBONI ADEDIIS 1L 30N
L L . 4339030 - (%) 20NV LMGWSIS 3 10HdS _
o8 oL o 05 o . 0¢ (-4 ot 0
NN "
NOILYI0LVELY3 »
SILVNGN SANMD GIHSYA ¥ .
9950 = Su/du ¢ N T P
15d 000°or =O0d T
JuNSS3Vd . - ap ™=

1SUNG IUVAPOD SSANND °L — —

1S3LON - =t
=T _le=p=- -

: o
W\ . m

440000 c (5 : e

oNITDN___| g o B
‘
2o : a
aaim w m

(Y \tﬁ.
“§
T

"w

t




. M IR My EER whar e T
- [ H ¢

(1 A3BNS) O1L VY SNIOVE 3WDN4S OL SIBICOML SNSUBA XBOW ADMBEIJSE L BUNDLd

¢OL X (/%) OLLVY SNIAVY 3WTHIS 01 SSINXOIHL
" n 4} ol ] 9 Y [4

(Q29V 3 006) ONIIVAYI-1065 7 w

WL

g
(k) X20N ADNIIDIAE VISSIA AUMSSTU

1
(GITVINNY) il AP-TY9—-1068 |\ s
SNOLLYNISWOD T13HS
ONY ONVE JUVINDD STAAM L "
310N
mosnl St




,.,.«!...1]11,«11!{!!.4?3111::1,41.,,i.!.x..u.iﬁ.._.,{ai.!ij‘4.11-.1...
W L It 4 e - e

gy

kS w . i
U U U e et . o vt s .

@ AZBHS) 02 .V SMAVY BEINGS 01 SIBNXONL SNTUDA XE0W ADNBLIIH43 UL UND

-

€01 X Q147 OLLVE STIOVY NS 0L SSTNOIIHL
2l 43 o 9 ’ t

TT

b

_H“'
) X2AN DN 443 TSI FUNCTIN

G20V 4 J006) 173 1S DNOVIVW = NOWOS

PR L ak T R e

| : ’ - N o . £
IO Y TN M S AT o i ; b et o o o) ke :




|

| . ‘ ,

| €OL X () QLW SNIGWY BUFHES 0L STINIDINL
| ,

|

S LEDNE) OLL VI SINGVE BUGNJS 01 SSBIDINNL SASERA XBOW ADNBIDMIZD 2L BUADH

n A o £ 9 y
] T ™
_ i
SNOLLVNIGMOD THHS ,
-+ QGNY QNS JUVIN0D SIABO °1 N
| 1240N ﬁ
- . . f&
-
_ w
(039v 4 TILS ONOVEW - "
¥ m
&.m
w ‘ , g
~40C
» /
(G IVINNY) 14 APV = TVIENZD 110NV % $~0L6
Nakaiy D R TRl M R R . Py
!43‘.&[5.&. a— ARORTIRNS.  PPTR o NSRS 1 AL s A TSR IS SRIAIICA - I Vot HPURY:- preemutotc: N R 14




g e 7] TR T S S L T e g w3 o o g ey Tt e TRV J,d“ﬂl!._;l -
-7 ki . A 4 . . . Lo . i
. B e ' - ]
. T - b . 4

& LI3HS) OU VY SIGVY SUTHJS OL SSENXINL SNSUSA XBANI AONEINJIA  TL AUNOL

£OL X (/%) OLLWVN SNIOVY JMTHAS 0L SEINXIINL

i 9 2 0 9 R / 0
| H " JI.III..P...!JII.IJII.?I..J%.

BER
B

SNOILYNIOWOD THIWS
OGNV ONYS UVMQD S3AND °

a | 310N
(20¥ 4 008) T3S ONOVUWN - 0§

§q;
(N

R

S N
) XI0M ADNRDN 43 1IIA FWNSSIdd

"W

+H

s&

A TS0 WIS . g ——

[ NENR LR TR TS e -




x- n % (r)+(m)

14w (1+w)

The generel reiation for net efficiency of a aystem of j argments whare
t,’x.utxa 1sast wglue, i8¢

J

2 gt L6, * (0]

1

6. GENEBAL DESION INFONWIION BASED ON AMC ANALYSIS

To achisve mambrara conditions throughout the nodal ares. the stresses
sust be known 12 order to make proper use of the bend. Shell stress sapli-
fiocstion fectcrs Ap und Ag were derived (see Appendiz IV) as funetions
of oonfiguration ters Y/R and r/R  The emplification factor is the
ratio of the actual stress to that of a pure memdbrane stress which is the
ghijective condition, Maridian emplification, A ; « 8 circunferential
ewglificativi, Ag , versus parsmaters Y/R and’r/R ar plotted in Figures
73 ard Th. The stresses were calculated at a poi~t vhere fillst sngle, §.
is 3s10. Trom thess plots ome can see that the circumferential stress is

the crucial one at this point.

Band pressure to interna) pressure retio, £/P, versus fillet angla, §,
is shown plotted in Pigure 75 (Gheet: 1-4). Bach curve is for e given eon-
figuretion specified by Y/R and r/R. The maximum fillet angle is the sngle
forwed by a vertioal redius line ard a redius 1ling to the point of Largency
of sphere ard filiet From such data, the emsunt of bend pressure {and/or
bend area) regquired for membrune conditiona may e determined. An
is given in Section III. PFigure 5 {ndicates that for all values of Y
and ¢/R, the bend pressure incresses as J increases to maintaia menbrere

conditions To indicste gereral requivements, sn average value of band
------ urs is given 4n Pigurs 75 a2 ¢ furetion of Y/R and r;

A

Te GEMESAL DESIGN DATA BASED OF PETS ARALYSIS

I~ viaw of tha limitation of the computer tims amilysis whiock wag
mntionsd sbove. thare are really only & very few pareasrtars which can
e Jererolised to csses othur than the design examplas. HNHowewer, in the
case of equal sphere configurations, some gewrslizations of Sata can da
made '

-~

For the purposes of & ge-eral design. the data pressntad in Figure 77
are suf'ficient to asseas the effects >f secondary stress. Assuming r, R,
and t are known, the smbrane state for the sepmented sphere is defired by

- o

b, e et ot s

s i e i a e

e b e e

St T e i e
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hr a/r. 'c.n obtain £/p aMG‘;‘ ﬂ‘uxn 78 It folims‘ '
Ry Al % may be dsteruined u-f pressure n_ which the sdubrene
state 1§ derived’ss known, then f is determimite fram £/p snd therefore;

. *
€1 WD

ihere 4f 1s Poigsons’ ratid - knowing ® one can determine €& from the
‘k~own retio B g €. ®. Merce a1l the Irformation required for thy analysis
‘15 determinate !‘fgm 77 Finally it is noted that the effects of
ehell regment thick-esses are sasily ge-eraliszed b raferring to a mewmdrane
strees This result iz shown in Figure /8
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_BAMD DESTGN FOR PUAGE 1T VRSEKLS
1. GEVERAL

In the Class III configuretion the 17-7 FH stainless steel will be
replaoed by GAL-AY titanium. A design paremster of ny equal to .5 will
be used for all systems in order to demonstrate an sfficiency improvemant
over the engineering wodsl des’'gns based on nﬂn' = 666. In addition,
final shell thickness will be chen-milled to elimimats variations caused
during forming.

2. DESICE OPTIMIZATION BY ANC NZTHOD
The band load distribution equaticna and geometry paramsters for

Classes I, IT and III vessels are the same ss Phare I (Bef. Section III).
The distribution equation and parematers are listed below:

-1
/P w1f2 2« (x/R)Y" - L6 E7i)) y???‘(,/g) Cos §

Class Y and II (ref. Figure 9) Class III (Ref. Figure 10)
Y/R = 0.9450 Y)/Ry = 0.48M8 Yo/Rp = 0.58857
r/R = 0.1666 /My =0.1666 ra/Re = 0.2/59
'lﬁx = 19.5° ¢1x =610 ’2 Max = 45.6°
3. DESION

.. The follcwing properties apply to the Classes I and II vessel:
GAL-MT T4 - shell material
$-G01 Fiber Glass - band material
r, = 25,000 pei
n’/n’ = 0.5
/P = 3.47
t (oomiml) = 0.055
t (mintmm) = 0.05 in.

8
P = 2t (uin) U . 0.1 (168,000) =208 pui
B R 5.9613

ED w3 Q- u)/E® + 0.000 » 0.0082388

v e g —
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Ammm(r)afzs.owm,mﬁauho,mo,nmmx

wesssis, io seautived tn csden aad bo awnassd an alttmste alloshlas of

200,000 pai for te omtu band at burst pressure (hf. Bgmtion 3.4).

™hs band losd equation for mssbrena conditions

2 £19.9°
o® a"““x/ [!.L:_Rl roao-reuzp]ad
[+
(3.2)

vas previously used (Ref. Section III, paregraph 2.) ia Fosse 1 dasigen.
This equation gives the following result for the Mase II design

oAt "= 26,569 1bs. ' 3.2)
Pased on proof prassure, the stress in the bard is
o} =T, Eyp r (3.3)
= 23,000 +« 0082598 (9 x 106)
« 25,000 + 74,329
- 99,329 pei
With a np/ng retio of 0.50, the band stress at burst condition becames

b
] ’P -
o = 99.329 = 198,658 psi (3.4)
3 np/rg 0.5
N.S, = % -1l= .01

Substitution of the mbove vaiue in Bquation {3.2) yields a reguired band
cross section sres st burat condition of

T oA - X - 0180 u. 1n. (3.5)

v, Class IIX

The following properties apply to the large segment of te
Clans III wvessel:

6 Al WY B - Lael) material
8-301 Fiver Glase - band amterial

Fv = 735,000 pai



npfog « 0.5

t (mamisal) « 0.078 in.
¢ (utoimam) = 0.073 ir.
£fe = (3.95 « .657 §)

Py = RL:}!L'U'?! - {O. ] - 290M mel

EP -6 - wn’eoome
EP - _[:(1'5& ¥ T+ .17] x }50.3 + 2.002
EP = 0.0062588

A maxismum band prestress (¥.) of 25,000 pei 4s required in urder not to

exosed altimate tensile allowadle for tie compcsite {Mef. BEqumtion 3.13).

e bard load eguation fur this segmert 1s

610
b-l' 74-:' 2
f oo - cos ﬂ]d} (3.6)

which upon substitution and imtegretion yielas
oF a® = 39,703 ns.
Based on prool prassure, the stress in the demd in
o
o.g-?n¢EP o
= 25,000 ¢ .5082588 {9 x 10 ‘
; = 25,000 + 74,329
. = 39,329 el
with tie strees £t bmrat condition

o}~ Qg - 9668

3.7

(3.8)

(3.9)

e e Al e heme it e mtem 4 e o
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Substitution of this value into Equation (3.7) ylelds a reguired ares for
tne iarge ssgment of
Ag - 703 = .200 8q. in. (3.10)
19§,358 M.S. = .0}

The small segment design is governed by the following conditions:
6AL-4V T4 - shell material
8-901 Fiber Glass - band material
Fo = 25,000 osi
n.P/nB = 0.5
t (nominal) = 0.055
t (minimuwn) = 0,05
£/P = (3.95 + .557 @)

Py =2t (min) of 0.1 (168 000) = 2818 psi
R 5.9615

oS 0 -uyE
ep =0y U)/E" + 0.002

E - (152 x .7/17) x 1073 + 0..02

€ ﬁb = ,0082588

The band load equation ylelds
LA A°

2 2
,bAb.rzf [(l:_f?.)rCos¢-fCos¢]d¢
° T2
(3.11)
= 25,19C lbs.
The stress at proof preaasure ia

- Sb b
CT? Fo + 3 ® (3.12)

= 59,329 psi
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By extrapolation of the stress strain curve and utilising the assupyd
relationship np/ny = 0.5, the stresy at burst condition is:

b
-a'P - ﬁl 22 = 1%,658 pai (3'13)
o np/og 0.5

Then, the band area for the small regment that will satisfy the burst
condition becomee

A : - %%3!’%%8_ = 1258 sc. in. (3.14)

The total area of band for tha Clasa XIT veasel i3 eum of the large
and amall segment areas which is: ,

A : = 0,3268 s8q. in. ‘\ (3.15)

151

el s T i Lt i




The efficicncy index indicates s comperison between different vessels.
The variabins pressure, volume, and weight defiune the mlcz"q. Tha apprexi-
sate valuse for thase variables are given in the equations as follows:

(1) veal. -'83/3 [3 (1 + sin®ag) + conag]colu

et M M UMMl . s\ bt sk

———

3,

j

‘-—-—-___....._L_.....J -

B
PO

y - (R sinoc + t/sinec + YA /2)
vhere the cross section ares is given as
_ A-( Bt ne““..m“)_( co.acuncc)_an coso sineC

Y] o k) -

Veight of Bank = 2gy Ap®

Ww . (2eg v) (u§ 3 cosasinec) (K siact + t/atinoc WA /2)‘\

%
1y

Veight of sheil (W3) wii#t (R +£%/2)° % p* cosec)
Letting P « 2(t* £3/r)

1
i
H
i
P
3
1
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e

Then

n- g-(ﬁ) t g }53 (1 + susga.) + cooeuucuac‘

AR + t8/2)2 t%® coacx + (agph)(2 f.:‘ t® R cosacsinec)

- em wum

0
fB

TT TR sinext+ <*/elnec + VR /2

v L) . . 2 2
k(R + t'/a)ép" N :# 12 R s1noc (R sinks t%/aino + VR /2)

wﬂd

2 18 (8°/3) (4 + 2 sinx)
b (R +t%/2)%° +¢ £ R s1nee(R sincc+ t*/ainoc+ ¥E/2)

5
s
- ' 3 (4 + 2 sinfex)
& [(R v 48/2)° §% +p® 25 % etn o (R sin et + t¥/uinotiK !2\}
5
B
. 0666 (£2/p") (1 +0.5 sinfe)

25 (P F811 © v Tetnfoct 0.5 [TOMB) ¢+ s1nd/2 [Folgoos |1/
[1+025(_;;__)] +y moc+0§. "__r_g_)+ina¢(°3 ]7]

where = £3/p "+ 5/p "




Sumaing forces in redial direction ss showd by arrow, equilibriua re-
Quires that: ‘ )

(P -£) (y/cos §) (A A) (reg)
+afg (stn ad/) (y/ecs $a ) (1)
-ex, (etn a 1 /2) (rf) (1) = O; amd

{ - : Pr XY W,
cos § cos g

(1) Pry = (cos #) nr - Ry




Sammtion of forves in & horisontal direction at s cross ssction yields

—— /A/o

Pt of 'Tun,qncej r‘ NJ

‘ ‘ y B
o ..._____-.7_9 IR T N
o ¢ max i
Pyl o ° i

(2) wg 24y coepo - fu 749 ¢ 2wy  sin §x¢ j
| 2 ' ' i
A thind relationship is !

(3) y-(l*-r)nin'-rconﬁ 11

Three comditicns need to be satisfied if aembruns conditions are to be 3

met. The first of these is that there be no change in the tangential stress .

S

" .
The first derivative of equation (2) yields i
!

l‘ [. sin (R+r oinﬁ-arcocﬁ) +ll§-] cm¢(3+r) ainﬂ-
rcosp =P i[(n +r)sinf -7 coo#] r um¢} -fr om‘i +r)
| unp - r cos ]

Substitutuion of equation {3) to slmplify i
lg [- sing (v -rcau})] =Pr(sing) (v) 2 r (sind) ¥ '

£ l‘ -lu*(l . rcosg ) mr(roin,)-t(runf) |
Yy .

L
e ki

ety oo 22, el N

reing b 4

n-g(“:" : }etr-n | ,3




A sevond wexbrune condition is that She tangential stress be equal to
the cireumfarentiai nrasullg - ld Snhstitutian of this condition into

equation (1) yieids:

(s) (P-£) whe (cosd /y - 1/r)

Comparing equation (4) and (5), the two aquations are similar, therefar,

shoving the validity of the derivation.

A fimal condition for m:sbrane stress is for the tangantial stress tO be
ls = PR/2. The result of substituting this value in equation (5) is:

(®-1) =Pz [R/r +R/y (cosg)]
P {1 -1/2 [-a/c + Rly (con ¢ )]} .t
/P« 1-1/2 (-R/r + Riy cosg )
Substitutuion of equation (3) for y yields:
(6) 2/p w L -1/2( R/fr +Rcosgp /(R-T) sing - rcosg)
But nnp = Y/R.

£/Pm 1-1/2(-R/reRcos J/(R+r)Y/R-rcos)

(1 /e =1fe [2 +1/(x/R) - cox $/Y/R(14x/R) - v/R con § ]

s A s e ditiia b
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DISCUASION OF "PETS" DIGITAL COMPUTER SOLUTION

- 24ffovamtist asuatisne anlwsmd by the PEM routine ove based on

E. Retssners' (Ref. 6 ) first order linear spprcximation to the classioal
thenry of thin e¢lastic shells of revolutiom.
Refering to Figure 1 let the position of a material point of the
deforwed middle surfuce de given by:
K - % + U.
- (b.1)
t - to + W

vhere § and ¥ are the compouents of Aisplacesent in the R, T coordinete
directions, respectively, and R,, £ 1s the position of the point in the
undeformed configurstion. In sdditfon, let denote tho difference between
the angles of the tangent to the deformed and undeformed surface at the
same material point.

w-@ -9 (v.2)
Finally, let ¢ (seridional) and @ (circumferential) dencte tha principal
lines of ture of the middle aurface Figure 2. The shell is assumed

to remain rotationally symmetric about the T axis so that all psremeters
must be taken as functions of p alone. Pereamcters which are utilized in

subsequent discussions are identified below.

= AYERAGE COEFFICIENT (ACROSS THICKNESS) OF THERMAL EXPANSION
= TEMPERATURE CHANGE FROM AMBIENT

~hE&

-1 -7 {EQRHC

Nr=f ExTd{

Mr=f ExT(d

PH = HORIZONTAL PRESSURE COMPONENT

V = VERTICAL STRESS RESULTANT

O 0O -4

Subject to the prescription of the foreguing pearemeters the two
simultanecus differential equations vhich determine the equilibrium state

in the FETS routine are:

1
]
]
|
|
{




FIGYRE L REGIONS OF ANALYSS

(VERTICAL)
z MIDDLE
SURFACE
¢ GENERATOR

R0 + U - {SIN®

— B i
3 v W

(HORIZONTAL DR RADIAL)

MGURE & SHELL ELEMENT STRANS
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e

and -
R aatcongp, I' wateing. (4.8) ;
; P ammmuumxmwatmumlmgmmmu.
oy ths Lame' paremater is arbitrery, i.¢., & socsle factor. Im partioular, s
Pl . ve can take & e 1. 1
| " Prom the solutians of Bquations 4.3 and 4.\ one can determine tae |
streas and couple regulitants, streases, straiss, and displacemsnts at ;
pom,r,wtuuMhumbymofmfmez , i
u, - :1-[-% o' 1r +% X v)] R (+.9) :
E .i({ﬁ‘ ‘yl'o-l'u. lh) {%.10) ; 4
E ! R A ?
| Q .‘L‘[% P L@ v)] (v.11) .
2 B o) - L n
L ! —— - » .12j
ll’ «'(C‘Q-\\‘w) I-a . i
.2 /K - 2 \

P .‘(iw+qw) -a (%.13)

e . ;
. I 1 - kT ;
| U" — ™ [-—Lc (lr *R) & -;- ("y +Ny) 1-y (Man) | 1
To = Ky gl:. (ng +Il.)+.£.(u. fnt)-!'-‘!!, (vas) |
1 -4 ¢ D 1-9
!
by 41

Y .
e ez, ke i



o 3+ e T e e s Wi By T

— e e [ R

EI .% (vs- -q% ) s &7, {4.16)

v
v
i
3
t
t
!
;

Ve (R/c) (g - ¢ o+ R, (%.18)

Hu-[ﬁi."/c) (I’ -y Ve o-l!.)-i“ﬂ]df , (&.19)

vhere: (see Figure 3)

, l’ » N = meridicm]l end circumfyreatisl stress resulitaonts
E Q = shear stress resultant
ll, » g = meridicoal asd circumferential couple resultants

? »Jo = meridiossl and circumferential stress as in function
of disteaxe, , from widdle surfuce.

er.fo w meridiocnsl amd cireumferentiai strein corresponding
to Vy , Uy, amdagT.
In th pressut application, culy siugle laysred shells at vniform tompere-

taxres are comeidarsd. Nonce, 2l) tewmevutur? terms vanish fisom the

epmtions, the middle aurface is he geomstrical middle surface (i.s.,
;-!hlet.outr-uﬂbcu), wd

! 3
3 Cukh Dw Bl

12 (1 -.‘9)

i
|
E.'i‘- (% -ﬁ) + &7, (%.17) ' i

e ey

(;.20)

Al . At ittt im o B S ke

-

e b L, ot

The band to shwll coggatidility comdition is an ssslytical expression
oquatiag the displatemenits of the Wil and shell underiying the band &t all
preasurus. Shear streagth betvesn tand STRATA norem) O the shell swrface
is asewesd t0 de ero. This sssunption decrees that grose motioms of the
band ard shell are ccupatible. The approach of this analyszs is %0 aquate

i
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the incremental radial displacemsnts of the band .o thcse of tne middle
surface ig the 11, at the low point, A, of the node (Figure k).

Letting denotes the redisl positions of points in the band ané
ahell middle surface adjacent to point A. The competibility condition ia:

) (4.21)

where (§ ) denotes the variation due to a vartation (& ) mrgén
1pad of the uniform iaternal shell pressure (P). writ R_g_ R®
Ry, + U, vhere R, denotys the underormed configuration and U the diaplace-
neuto, we see that (4.21) is equivalent to:

S§°. & (.22)
But since
8 AS
e e P &Y R w R (4.23)
8 b ° °
Ro Ro

One can express the cok,a xgbiltxbrelation in terms of the circumferential
shell and band strains £g at point £, as

SER . §E L | (b.24)

or simply

Ab AS ' (k.25)
e -& =&
where (& ) is a prestrain; that is, (c?) is independent of the ghell

pressure Ohviously, hoth Equation (4.24) and (4.25) must hold for
any value of pressure up to fallure.

In general, the 1ntcmtion of the band ard shell can be mpmcod by a
rotationally aynetriﬂ dutribu_t,ion of normal atress, [ (L
sheoaring stress ). However, since the compatibifity felation
(k.25) equates on!y radial displacements &t a single point, only the
resultants, N and T of these stress distributicns are deterainate:

.L,r; (")d, ,T-SS f( (f) df (b.26)

The shear siress resultant, T, arises Zrom & tendency of cthe band to

# 5 out of the node. The condition can bLe neutralised (i.e., one can set
C) by designing the band noda interfece such that the extremities of

the tand (L, X of Figure ) are st zquel disiarn:es from the axis of the shell.
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This was adopted as one of the design criteria.

The normel stress resultant, N, represents the congtreint of the
band sgainst radial displacemsate of the shell and may be regarded as a
function uf the internal shell pressure (P). It follows that for small
variatiocns, 3 p, one can write

(4.27)

oI ok LAt SRS & L

Henoe, from equality Equation (4.2h), band shell competibility implies

3% - (5 )

If the problem in linear iu a range Pls Pﬁ?a, then the influance
coafficients

(4.29)
el H S

depend ocly on the normal stress distribu.ion, £ (, ), and the
coelfficient . ;

% oo

is & constant. 1In the present anslysis, it is sassuwed that the normel
stress, ? 4 ( ’ ), 1s uniformly distributed across the band-node interface.

fg (S) » £ = const. (4.30)

This assusption is implemented by adopting ss & design criteria ibe
band shaps iliustreted in Pigure b.

with this last assumption, ons can vwrite Equation (4.28) in the form

ar -
ot LB - £ (h.31)
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ME.A:-

f(x')-r(r“).-—“8 “-a:) (¢ -p) (4.32)
> A

i

.

shell compatibility relation in the linear case can be written as ' 1
i

|

i

|

1

This is the form of the equetion of compatibility tkat is used in this
analysis.

e - ik
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Setting the element in equilibriws and suweming forces in a radial
(+ R ) direction yields:

raL“ {(aA) (xdf)
cos §
+taNg (st dl) (u’.', aA) (1)
2

-au.(un ?)(m{) (1) w0
m+usy-l°rcoc¢.o

(1) Pry = Mgraoe § - By y

i

e ——

I
. R
- LA ,t“:“i‘
Al st de | it ot i v e diailirh S, L i N

e e e

i i i o -

e st

il
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(2)

(3)

(n) - .
that exiat, & axplification 1or the meridian stress A, becomes

| (s)

Also, the shuil yenists o !m-ml foc« uu-:. te tu pressuye u.-n
the Srosy SISLON arti

P‘lv -l! con § 2wy

e b id
fcos ¢

Substituting this valus of ¥g into (1) yields i

Pry-lorcold- Py y
2cos ¢ .

Pry -lorcoud-a ?ad
cos

P(ry +;::§..;)-n°rco-¢

B S U UV

P (x b —do R con 8 -

HO-P!_‘.__—QEI—_!)

r coe @
" S A
) ;.ﬁ;(l+m¢)

The_gtrest in ths shell if mewbrane conditions existed wouid be
Using this wembrane stress squation to normalize the shens .

<] Rcoe ¢ :
) 4’

Bt yw (R + 1) lm’ -r cos ¢
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Therefore
(R +r) sinp -r cos
Moo ST
|
M- Q‘_{_"l :.3 - r/R g
- Beem 2 g
- (1+"/R) :% -l‘/R

But ein 4 = ¥/R

; Af = (1L r/R) YR . r/R
| cosf
And

i
(5) Ag = (1 +1/R) (Y/R) (cosP) - r/R

'Smihrly, the circumferential amplification factor becomes:

- A" T) 1e g
- Reos ¢ ( 2rcm¢)

|3

- L (X > - \
Ao R (coa¢) (2+rcos¢) ‘

Ap = Ag [a + (y/r) (r/R) (;%;- ¢)]

il o e el ettt

-1
(8) Ag = A, [ﬂ + (r/R) As] i
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PHASE .I MANUFACTURING PLAN

PLENRLARES SR ARE L BT FL S T
& ARNL OWVIAR/ L AWIN AR DULIED

Fhase II of the Segmented Sphere Pressure Vessel (SSPV) Study will
consist of & cambined fabrication and quelity certification effort consisting
of perfurmance of the following general tasks.

&. Fabrication of such tools as are required to support fabrication
of deteil copfigurations not previously attempted and modification of exist-
ing to« ling baded on knowledge gained during the Phase I - Engineering De-
velopment portion of the subject program.

b. Fabrication of ope each of three specific classes of pressure
vessels, as represented by the detailed drawings of Lhe Appendix, will be
performed in accordance with the detail specifications of the engineering
deaign as contained therein.

c. Maintaipance of control over the quality of the manufactured
hardwvare by the use of in-process imspection and final acceptance test pro-
cedures, and maintainapce of permanent records certifying that this hard-
ware meets the requirements of the detailed angineering specificationm.

2. MANUFACTURING PROGRAM SUMMARY

Manufacture of the three classes cf segmented sphere pressure vessels,
as described in the Appendix to this document, will be accomplished as sum-
merized by Figure 1.

The Mamufacturing Department will perform all detail fabrication, veld
subassembly, and final assembly operations with the sxception of the explo-
sive forming and chem-milling operations.

The chem-miiling operation on the domes, segmenis. apd interconnect
rings will be performed as a vendor operation. The explosive forming opera-
tion, after the blank has been placed into the explosive die and properly
set up, will be performed by the MSD-T Rocket Propulsion and Pyrotechnics
Test Laboratory.

The Quality Control Department will be responsible for and pexform
receiving inspections on &1l incoming materials; in-process dimensionsl,
X-ray, and flcrescent penetrant inspections; apnd final inspectiocns prior
to delivery. In additiorn, Quality Contrcl will verify performance toc spec-
ification reguirements of all processing and will witness and verify ade-
quacy of testing for final acceptance of the pressure vessels.

3. TOOLING REQUIKREMENTS

The following is & detailed description of the tooling which will be
used to accamplish the requirsmepnts of this plan.
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a. Explosive Form Die for 12 Inh Cyiindrical Jegments

This explosive form Ade $2 the tool for forming the 12" dtameter
"hourglass” shaped cylindrical segment which 1is the primary moduls of the
segmented sphere concept as developed under this rrogram to date. 1t con-
sists of a steel split die which 18 config:red internally to the final ex-
ternal dimensions of the desired module. The split die is exteroally
tapered to mate with an internally taperel steel cylinder which retains
the oplit die during the explosive operatlon. A set of end platas whach
00lt to the steel cylinder are uscd to apply a compressive loading on the
seam-valded cylindrical part blank ip order to relieve the biaxial strain
condition which is produced within the part when the explosive charge i3
detonated.

b. Hemispherical Dome Draw Form Dies

Two former hemispherical cold draw form dies of 12 and 17 inch
diamelers, modified for use on this program, will be used in a Danley 500
top triple action press for forming the hemisphericel dame details. These
dies corsist of & male form punch, a drav ring, and a bolster for obtain-
ing tbe necessary drew pressures. The 12 inch die was modi’ied twice dur-
ing Phuse I; once for conversion to hot foarmiug and the seccni time for
accamnodating three 3/16 inch thick steel cover plates over the titanium
sacet for the purpose of reducing the effective diameter of the drev ring
during early stages of the draw. The 17 inch die, used during Phase I
for cold forming 17-7 steel, will be modified for hot form usage on
titenjium during Fhase II.

¢. Weld Joining Tocling

The toolirg used in the welding operations consists of copper
chill barc, cooling blanke : for protection of the filament woupd noual
bands, and restraining pla.:s for suppcrting the parts on the poseiticoer

_ - - - = _ g e A e s
Quring ciroumfererntial waldipg. This L00litg 15 sdaguats fo performance

of the variocus welding operstions, but is uncomtrolled and of the "abop
s1d"” type (not production rete quality).

4. Interconnect Band Stretch Form Die

A steel one-plece die will be used for forming the iuterconnpect
band for the Class III pressure vessel. This die wili be used oo a Ruffard

3tretch Form machine.

e. Nodal Band Mold Fixture

This tool is camprised of two steel fences vhich conatrain the
nodal band filaments to the desired configurstion dQuring the winding pro-
cess. These fences are each made in four 180° segments vhich are bolted
together ir a staggered fushion and restrained in positiom by atwds which
tie to en externel frame vhich in turn supparts the shell 1p place ou the
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latbha. A rubbar sacket is plAcgd_ bareath ascrh fance tn rravent

IEET S T TESE ST e

filsments from flovwing bensath the fence. Silicone spray treatment of the
fonce prevent s the -eein from adhering during the cure process.

b. MANUPACTURING CPERATICES

Tha following presents detailed descriptions of individual mapufac-
turing cperstions which will bs performed in satisfying tlLe requiremsots
of this plan. These uvperations are approrimately identical for each in-
dividual pressure vesssl coafiguration. Where o significent difference
exists in the mannsr in vhich & given opersticn is performed om individual
vessel configurations, specific aote of this circumstance is taken.

The sequence Of thes¢ operatiocns ss they are performed on individual
detail parts and ausesblies is shown pictorially by Figure 1 preceding.

a. Shearing Operution

The titspium shes¢t materisl from which the pressure vessels are
to be formed will be rough cut to the necessary blank size on a Cincinnati
shear. This operstion will produce rectangulsr blanks for forming the ex-
plosively formed cylinder blanke, circulsr blenks of 30 and 20 inch 4i-
ameter for the 17 &nd 12 ionch dismster drav formed hemispherica! domes,
apd ths small rectangular blanks for the stretch formed interconnect band
segments.

b. DCraw Forming

The drav forming operstion for fabrication of the .7 and )2 inch
dismeter hemigphericeal damea will be performed oo o Danley Triple Action
Preas of 500 tons capacity. The hemispheres will be hot farmed using the
form dies as described under 'Tooling Reauirements.” Prior to placement
in the drav die, the titanium blanks and three-3/16 inch @teel plstes
equivalent in dismeter to the titanjum blanks wiil be heated to 1000°F
in a portable oven located adjacent to the press. The purpose of the
stesl plates 1s to inhibit the formation of buckles in the hemispheres
during the farming operaticn by acting ss staging dies f-.r the 4Arew ring.
Using tarches, the punch will be heated to 1050-1100°F apnd the drev ring
to 1250-1300°F prior to commesncing the operation. The three steel plates
will be placed on top of the titanium blank in the die and the press will
be placed on top of the titanius blank in the die axd the press vill be
strcked in iptervals of 1/3 apd 1/2 the stroke distaace required to caa-
pletely form the dome with one steel -lste being removed at . he erd of
each stroke interval. The third steel plate will remain with the titanium
through the third and final stroke.

¢. Roll Forming

This operstion is for forming the titanium cylindricel blank for
the sxplosively formed module apd will be performed ob & Farpham open enc
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fuwad in three tAgpes - mwRT  ramge . = sad . Optain the necessary
pre-fore of *he rer-apg..ar Wwe< Ty starting -t the roll. The sheet will
be rre~rclled Lo a sligheiy iarger liamet:r thau is rsquired. Subsequent
to an annealing process, the detaiil +1il be finish rolled to the required
diameter. Jtill later, after the part has been walded into & complete
tylinder, a third rolling operation will be performed for the purpose of
streightening the part.

d. Welding

Tungsten Inert Ges (TIG) welding is typically used for joining
of the titanium details. Hand welding will be performed in joining the
interccnnect band details and installation of the fitting bosses in the
canpleted pressure shel) assemblies and automatic TIG welds for all other
Joints. The longitudinal weld which i8 used to close the cylindrical
blapk for the explosively formed module will be performed on the Welduction
Automatic TIG Welder. Copper bar heat sinks will be placed adjacent to the
veld area in order to redvuce the heat affected area in the parent material.

Circumierential welds will be perfurmed on the Sciaky Automatic
Positioner TIC Welder. A constant flow inert gas purge will be used in-
ternal to the shells on all of the latter type of welds. Thia flow will
be regulated in order to prevent weld blowout, incamplete penetration, or
internal contamination of the weld. Trailing shields will provide a flow
of ipert gas to the external portion of these welds in order to protect
the weld from contamination until the weld has had sufficient opportunity
to cool. Copper chill bars will, in this case alsc, be placed adjacent
to the weld for reduction of the parent metal heat affected zone.

Inapection of the fitup of the parts to Le welded will be made
and the welding operation allowed to proceed only when parts mate within
tolerance.

e. Cleaning and Gripding

Cleaning operations vill be performed prior to heat treat, weld-
ing, and florescent penetrant inspection operations. Grinding operations
will be performed for the purpose of fitting up details prior to weld
Joining and for cleaning up welds prior to X-rey inspection or weld repair.
This operation will be performed using & hand grinder and visuel observa-
tion of the wark piece.

f. Annealing and Vapor Heneing

1n order to relieve induced stresses, the formation of which 1is
inherent in the forming operations, apnealinz of the titanium details and
assemblies will be performed as intermediate steps throughout the explo-
sive forming process on the 12 inch diameter cylindrical module arl sub-
sequent to all other forming operations. Annealing will be perfoarmed in
& retort contiouocusly inert gas purged to s mims 80°F (or better) dew
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poiot resding. The ipert gss atmosphere {s naceisary tc avold cootamipation
of the material during t! - heat treat process. Vapor honeing will be per-
formed cn all titonium pa:tva priar tc heat treatmert operation in order tn
reduce the contaminate level ip the retort aml subsequent to heat treatments
to remove heat treat scale and residue prior to florescent penetrant inspec-
tions.

€. X-Ray Inspection

X-ray of details and assemblies will be performed for the purpose
¢f detecting cracks in the material or welds after forming operations and
porosity, crecks, apd inclusions in welds after welding operations. This
18 the primary non-destructive means of ascertaining quality of mapufacture
o welded Jdetajls and assemblies. A secondary means which will be used for
dastermining vhether or not surface cracks exist in or about a weld is the
florescent penetrant (Zyglo) inspection techuique. This technique will
always be used prior to X-ray of a part and the results of both techniques
applied to evaluation of the part for acceptance or rewvork.

h. Inspection

Insnection uperations of a general nature will also be performed
to ensur= acceptable quality hardware for delivery and test.

Incoming raw materials will all undergo an inspection upou receipt.
Shipments of titanium sheet and bar stock will be checked to ersure that
vepdor documentation certifying the chemical and physical properties of the
material accompenied its shipment. Samples of the material will be taken
and subjected to physical properties tests as & check agalnst the vendor's
conformance to the specificetion, and visual and dimensional inspection will
be perfoarmed.

Proof pressure tests in accordance with engineering requirements
will be pertormed on all completed pressure vessels to ensure structural
deficiencies resulting from improper mamufacture do not exist and that the
vessel 18 of acceptable quality. A firal end item inspection will be per-
formed on each test article, before and after proof test, consisting of
visual inspection to verify compliance of the hardware with final sssembly
drawing dimensionsl tolerances, finishes, etc.

1. Trin

The trimming operaticn is typically a machining operatiop in which g
au unfinished dstail part having been fcormed from & rough cut blapk is cut ;
en £inal a4 _.7""  Trim orarstior® ¢ all parts vill be rerforped on & :
w“ and &il’.'d- -t vith 8 9 15Ch vt . STLIMETY diment’ ) Clavauva ! 1
to be exercised in this operstion will be with regerd .0 diameter at the
trim lips. Detail parts will be trimmed to match adjoining parts. ;
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J. Explosive Fom

The 12 inch dismeter cylindrical module for Classes I end Il pres-
sure vessels will be explosively formed from & 11.17 inch dismeter cylindri-
cal blapk using the explosive form die described in paragraph 3.a. The
blank will he placad in the Ale the end clcsure plates installed, and the
bolts sacuring these plates torqued (100 ft. lba. for initial firing, 60
for subsequent shots) to obtain the required prelomd on the blank. A vmcuum
will be applied between the cylirder blank and the wall of the forming die,
the svilorive charge rlaced in the die, and the sntira unit asybmarged in the
wvater of the explosive form tank. The cylinder will be expanded to draving
dimensions in three successive shots with the cylinder being removed from
the die, re-annealed, and inspected betweer each shot.

k. Stretch Fom

The interconnecting band segment deteils will be hot stretch formed
on 8 Hufford Stretch Form machine using the modified die as described in
paragraph 3.d. Heat for thie forming operation will be applied to the part
by use of a welding reslstor secured to each end of the stretch form blank.
Temperature control will be accomplished by use of a thermocouple placed on
the blank.

1. Wind Filocut

The fiberglass nodal btend will be filament wound on the 12 inch
diameter titaniux cylivdricel shells using a Lodge and Shipley lathe vwith
a 9 inch swing and ap electromegnetic clutch filament tensioning device.
The nodal band fence, deecrived previcusly, will be used to constrain the
filaments to drawving configuration during winding apd cure. The nodal
bands on the Claes III pressure vessal will be wound without constraining
tooling and will be mschined tc engineering configuration subsequent to
the cure operatiun. This latter band will be wound in two stages with a
cure cycle between each stsge. The purpose of this is to avoid accumila-
tion of vet filament in sufficient amount to coliapse the pressure shell.
Winding of the nodml baunds on the Class I1l vessel will be performed on
an open bed lathe using the same tensioning device as previously described.

m. Cure and Machine

{odal bands vwill be cuicl in an oven at 3S0°F after wirding. The
constreaining fence used for winding the 12 inch dismeter cylindrical modules
7111 be left in place thrcughout the cvve cycle. After cure, a relief radius
will be mechined in the cuter peripnery of the band on the 12 inch diameter
sodules and the bands on the Class III vessel will be machined to configure-
tion on sll exposed sides. This mechining operation will be performed on
the respective lathes on which the filaments were wound.

.
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n. Chemicei Milliing

The titanium pressure shell for each clase of pressure vessel vill
be etched chemically to & leaser thickness leaving & band for the fusion weld
joints. This operation is performed to bring the pressure vessels up to mex-
imum efficiency for the particular deteil design configuration being devel-
oped. The chemical milling process will be & vendar operstion. The selected
vendar will mask and etch Lo mest Lhe requiremenis of lbe engineering speci-
fications.




APPENDIX V1

PHASE IJI DEVELOPMENT TEST PLAN

1. 1NTRODUCTION AND SCOPE

The Phase III Testing portion of the S5PV Study as defined herein is
an effart to perform pressure testing on two classes of segmented sphere
pressure vessels, secure engineering data by instrumentetion of the test
articles, evaluste the date cbisined from these tests and revise the S8PV

design criteria generated in Phase I of the 3SPV tudy Program in accord-
ance with this data (1if such revision ia necessary).

2. DETAILED PIAN

Classes [ and III segmented sphere pressure vessels will be subjected
to pressure teats, the recults of these tests reduced upd evaluated, asud
the $8PV Design Criterim, developed during Phase I of this program, revised
in accordance vith the data obtained fram these teuts.

a. Test Article Definition

The test articles vill consist of one each of a Class i and iil
pressure vessel manufacturel in sccordance with the engineering specifica-
tions and the Fhase I] Mamufeacturing Plan. Theue test articlea will have
been subjected to Quality Control acceptance procedures iu accordance with
the specifications and will be certified as acceptable quality hardwvare.

b. Test Instrumertetisx

The test articles will be instrumented with electrical strain
gauges in arder to obtain engineering information for performance evalua-
tion. Approximately aix e*rain gauges will be placed on each test article.
Two gauges will be placed on ~ach article pear th= nodal band area in order
to verify nominal camputed strains for these aress. The remaining gauges
vill be placed on or near locations vhich eppear criticsl (have high prob-
ability for initial failure) cu the basis of cbservetions and measurements
made in the in-process inspections during menpufacture.

c. (eneral Test rrocedures

Detailed test procedures will be prepared in the form of a Test
Request by SSPV Project persoonel for execution in tne MS8D-T Rocket Pro-
pulsion and Pyrctechnice Tsst laboratory. These procedures will specify
in grester detail tha menner in vhirh the following resguirements axe to
be accompiished.

(1) The test vessels, minmus hydraulic sttachment fittings, will
be veighed and the weighta recorded. These dry, empty veights will ba the
basis for establishment of an efficiency index for each of the tvo vessel

designs.
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{2) Vo''wetric measurement of thy test vessels will be made by
welghing the vesecl filled with thc hydrailic pressurizing fluid. Hydraulic
fluid specific gravity determination will be made st the same temperature ot

vhich the veight measursmepnt wvas taken api conversion of the net fluid weizht
to volume wil' be 8ccamplisghed.

{3) Both test vessels vill be pressurizad hydrostaticslly using
an aireraft {ype hydraulic fluid. Preesure loading will be applied in tenp
percert increments of predicted burst pressure. The vessels will be prea-
surized until failure occurs.

(k) Strain gauge reedings will be ocbtained at er ch increment of
losding to failure.

4. Test Date and Reporting

A test report will be prepared by the testing facility to illus-
trate the test methods and to document the test dmta. This report will
include the strain gauge information ard photographs vhich depict the test
veiacls before and after test. Closeup photogrephs of the failure ares
will be provided aud the fsillure mods seyuence wiil be specified based on
visual observetion apnd the strain gauge infarmtion.

e. Test Daa Evaluation

Test rzsults will be evaluated to reaolve differences betveen pre-
dicted and actual measurements. Pressure vessel efficiency vill be calcu-
bk Y |

actsi tor each class based on veights, volumes, and strength measurements
made i1 the described procedure.

The desigu criteria urepared during Fhase I of this progrsm will be
revised to incorporste the results of this evaluation of test data if 4i2.
ferences which axist between actual apd predicted performance are not
reconciliable and such revision is warranted.
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